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UDC 621.039.52
SOME RESULTS OF INVEST1GATIONS OF THE GAS~PHASE CAVITY-TYPE NUCLEAR REACTOR

Moscow IZVESTIYA AKADEMII NAUK SSSR: ENERGETIKA I TRANSPORT in Russian No 6,
1977 pp 24-31

[Article by V. M. Iyevlev, Moscow]

[Text] The diagram and characteristic features of a new
type nuclear reactor~~the gas-phase cavity-type nuclear
reactor--are described briefly. The principle factors
which determine the prospects for using this reactor ir
power engineering are indicated. Some results of investi-

. gating the main processes in a gas-phase reactor are
presented.

Many papers have been devoted to research on gas-phase reactors (see, for example
{1-3]). Our investigations in this direction were carried out in parallel and to
a considerable extent independently. A brief survey of the results of these in-
vestigations is presented in the article.*

We are talking about a reactor (Figure 1) in which gaseous nuclear fuel (UF6) or,
at higher temperatures, uranium plasma) is located in the center of a cavity sur-
rounded by a moderator-coolant. Another gas——the working substance--flows near
the walls. Special measures are undertaken to produce mixing of the working sub-
stance and the uranium. The heat released during the nuclear reaction is dissipa-
ted from the uranium zone mainly by means of thermal radiation.

Radiation heats the darkened working substance in layers to significantly higher
temperatures than can be achieved when the gas is heated from the walls; a rela-
tively cold gas layer remains near the wall in this case. The radiation from

*The materials outlined in the article were reported at the llth Conference on
Energy Conversion in the United States in September-1976.-
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Figure 1. Diagram of Gas-Phase Cavity-Type Nuclear Reactor: l--modera-
tor-coolant; 2--gaseous fission zone; 3--working substance
flow zone; 4-~delivery of fissionable material; 5--delivery
of working substance

the uranium zone can be dissipated at low output outside the reactor by means of
a corresponding reflecting system.

The prospects of a gas-phase reactor for many areas of application--for heavy-
duty electric power plants, high-temperature production systems, space power
plants and engines, to produce very high neutron fluxes and 30 on--are noted in
the American literature. The conclusions from our investigations are the same.

A simplified diagram of an electric power plant with output of 6106 kW, which
includes a gas-phase reactor, MHD generator, working substance and uranium circu-
lating circuits, separation, purification, heat-dumping systems and so on, is
presented as one of the considered examples in Figure 2.

Analysis made it possible to determine the main advantages of electric power
plants with gas—phase reactor: they include:

1) High efficiency (up to approximately 60-70 percent when using combination
schemes). This improves the use of nuclear fuel and, which is especially important,
reduces thermal pollution of the environment.

2) The possibility of increasing the heat~dump temperature (due to the very
- high temperature of heating the working substance in the reactor) without severe
deterioration of efficiency and in this regard of providing economic heat removable
to the atmosphere rather than into water.

3) The possibility of achieving considerably higher nuclear fuel conversion
coefficients than in the presently used thermal neutron power engineering reactors.

This is explained by the small amount of construction materials in the gas-phase
reactor compared to an ordinary reactor of the same output. Breeding (conversion

2
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Figure 2., Diagram of Electric Power Plant With Gas-Phase Reactor:
1--gas-phase reactor, thermal output of 104 Mw; 2--MHD
generator with electric output of 4:103 MW; 3--separator

- for separation of working substance and nuclear fuel;

4--heat exchanger-steam generator; 5--heat exchanger;

6--nuclear fuel purification system; 7--steam—-turbogenera-
tor gart of electric power plant with electric output of
2:10° MW; 8-10--"dry cooling towers" with thermal output

of 1.5:103, 0.5-103 and 2103 MW, respectively; 11-13--

pumps; l4--nuclear fuel circulating line; 15--working sub-

stance purification system; 16--fission byproducts collec-
tor; 17--nuclear fuel feed

factor of approximately 1.05-1.07) can be achieved in U-233 (the thorium cycle)
and the conversion factor comprises 0.8-0.9 in U-235.

4) The low uranium load to the reactor (tens of kilograms).

5) The permissibility of limiting oneself to relatively low-level purifica-
tion of the circulating media of fission fragments since purification should pre-
vent only reactor slagging. This permits one to hope that special plants for
processing fuel elements required for ordinary reactors will be replaced by a

- purification system located in the circuit and will provide complete combustion
of the uranium delivered to the reactor.

6) Reduction of the danger of emergency situations and facilitating repair
operations with regard to continuous removal of fission byproducts from the
circuits.

B 3
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It should be noted that investigations in power engineering based on a gas-
phase reactor are in good agreement with a number of trends of the thermo-
nuclear program.

These and other prospects are intriguiag and determination of the principle
problems of the feasibility of processes in a gas-phase reactor should precede
detailed development of any kind of designs.

Let us briefly present the results of some investigations in this direction.

One of the determining problems is reducing the mixing of the working substance

- and the gaseous uranium and thus reducing the uranium flow rate through the
reactor. This is important not only for open-type installations but. also for
closed-type installations since an increase of uranium flow rate complicates
development of the circuit, makes it difficult to control the reactor due to a
reduction of delayed neutrons with short presence of their predecessors in the
reactor and so on. Moreover, it is imporatnt to force the uranium away from the
walls.

Three methods of affecting turbulent mixing and generally on the flow in the
reactor cavity were investigated: suppression of initial perturbations and
special profiling of the flow rate, twvisting of the flow and the effects of
a magnetic field.

The principles of jet flows (to which the flow in the reactor cavity is similar)
with developed turbulence have been thoroughly studied. However, the effect of
{nitial disturbances and the initial velocity profile on transition to turbulence
in the jets and on the principles of mixing have as yet been little investigated.
This was also the subject of the investigations in the first of the directions
{ndicated above (some results have been published in [4, 51). The initial velo-
city profile in coaxial flows was formed by means of a honeycomb and variation of
the shape of the input channel. The dimensions of the honeycomb cells and the
thickness of the edges varied. Transition to turbulence occurs very rapidly at
the input with sharp, intermittent variation of velocity on the boundary; the
transition can be drawn out very much even at high Reynolds numbers with smooth
variation of velocity in the initial cross-section. The Reynolds number affects
transition in the entire investigated range. The length of the transition sec-
tion is strongly and noomonotonically dependent on the size of the honeycomb cells,
reaching a maximum at a certain size.

The laminar flow mode is retained at a length equal to tens of Initial thicknesses
of the layer with variable flow rate with optimum selection of parameters.

However, the effectiveness of using only this method of reducing gas mixing in the
reactor cavity is limited by the development of free convection in the low-velo-
city zone. A good means of stabilizing the flow is twisting it if the density of
the medium increases with an increase of radius, i. e., if a sufficiently heavy
working substance can be used (although twisting may also occur with a light work-
ing substance in some zones of the reactor cavity).

4
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The magnetic field has a very strong effect on the flow of conducting gases at
high temperatures (see, for example [6, 7]). A longitudinal field whose lines of
force are approximately parallel to the mean flow rate and the uranium-working
substance interface should be used in the reactor.

[Figure 3 not available]

It is known that one of the effects of a longitudinal magnetic field is suppres-
sion of turbulence. This is illustrated in Figure 4 on the erample of simple
flows. Quenching of uniform lattice turbulence in molten metal in a magnetic
field and a decrease of the resistance coefficient during flow of molten metal

in a tube in a longitudinal magnetic field are presented here. The effect of
this field on molten-metal and plasma flows, mixing of which is sharply reduced,
is shown in Figure 5. The results of theoretical calculations, which agree quite
satisfactorily with experiment, are also presented in Figures 4 and 5.
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Figure 4. Effect of Magnetic Field on Turbulent Flows: a--quenching
of uniform turbulence; v--pulsating velocity component
perpendicular to direction of magnetic field; A--experi-
mental data [8]; l--calculation of limiting cases from
[7]; b--coefficient of resistance £ during flow of molten
metal in a tube in a longitudinal magnetic field (Eo is
the value of £ without a field); experimental data of [9];
1 and 2--calculation from [7] for limiting parameters in
experiments.

Besides affecting turbulence, a strong magnetic field permits one to suppress
free convection and is an efficient stabilizing factor with respect to possible
thermoacoustic oscillations in some cases [12].

However, use of a magnetic fieid also has a number of negative aspects, which
include:

1) The complexity and cumbersomeness of the magnetic systems.
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2) TInefficiency of field utilization at very low temperatures {below approxi-
- mately 10,000 X).

3) The obligatory presence of wall sections intersected by the lines of
force of the field passing through the uranium zone. It is very difficult to
cool these sections.

4) Twisting the gas in the uranium mixing zonme with the working substance
due to interaction of the thermoelectric flows in a plasma with magnetic field.
Twisting in a light working substance may lead to an increase of turbulization
and mixing. Very high field intensities--up to (70-100) "103 Oe--are necessary
to eliminate turbulization in this case.

5) High resistance, occurring upon intersection of the conducting gas of
the magnetic field at the reactor output., The radial and possible azimuth ir-
regularities of this resistance have a strong reverse effect on flow in the reac-
tor cavity.
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Figure 5. Effect of Longitudinal Magnetic Field on Jet Flows:
a--example of dependence of width of mixing zone (b) on
x for jet of molten metal [10, 11]; 1--H = 0; 2--H = 3,400 Oe;
3--H = 5,000 Oe; b--concentration profiles for jet and
plasma in accompanying flows; 1 (the dot-dash line above)--
in the presence of a magnetic field; 2 (the dot—dash line
below)——in the presence of a magnetic field (the Stewart
number for the jet mixing zone is close to 3)

These difficulties should be taken into account, but despite them, a magnetic field
can be regarded as one of the effective means of affecting flow in a gas-phase
reactor.
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Various types of flow stabilization among the methods indicated above can be
used as a function of the amount of working substance, temperature and flow rate
of the gas. Good results are found with complex use of different methods.

The properties of the working media must be known to investigate and calculate
the gas-dynamic, thermal and neutron-physical processes in a gas—phase reactor.

The thermodynamic, some transition and the optical properties of various sub-
stances, including uranium and uranium hexafluoride, were investigated. The
investigations were carried out theoretically and experimentally on various
types of laboratory installations: in shock tubes, in arcs with stationary and

= pulsed discharges, during explosions of wires; they were carried out for relatively
low temperatures in a bomb, in heated-tubes and so on. Many of the results have
been published (for example [13-21]). However, the accuracy of knowledge and the
methods of calculating all the properties, especially optical properties, may be
regarded as sufficient only in the first approximationm, i. e., for the beginning
of investigatiouns.
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Figure 6. Optical Properties of Working Media: a--absorption coef-
ficient (x) of uranium plasma as a function of radiation
wavelength (A); p = 5.0 MPa and T # 104 K; l--experimental
data; 2--theory; b—-—experimental data on effective cross-
sections (o) of radiation absorption by potassium atoms
for helium-potassium vapor mixture (T = 700-950 K; 1--
PHe = 0.7 MPa; 2—-7 MPa)

Some experimental data and the results of various calculations for optical
properties (absorption coefficient) of the uranium plasma are presented in
Figure 6. Data on the absorption coefficient at low temperatures of one of

_ the possible working substances--potassium-helium mixtures—-are presented here
as an example. The circumstance that the spectral lines are broadened to such
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an extent that absorption is continuous for the entire spectrum and is very in-
tense even at low temperatures with an increase of pressure is noteworthy. This
provides good shielding of the walls against radiation. The results of calcula-
- ting the absorption coefficient as a function of radiation frequency for hydrogen
with darkening additive of potassium are given in Figure 7 as an example. The
different curves of Figure 7 are related to different processes studied.
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Figure 7. Example of Results of Calculating the Absorption
Coefficlent (x) as a Function of Inverse Wavelength
(v = 1/A) for Hydrogen With Addition of 3 Percent
(Mole) Potassium Vapor; p = 20.0 MPa, T = 12,000 K;
1--photoremoval of electron from H™; 2--photoioniza-
tion of H (from different levels); 3--photoionization
of K (from different levels); 4-7--absorption during
free-free electron transitions in H, K%, gt and H2+
fields, respectively.

Data on the properties of media were used in two-dimensional numerical calculations
of the flow in hte reactor cavity. Transition of radiation was deseribed in ap-
proximation of radilant thermoconductivity; accurate formulas were used in the thin
layer near the wall. Hydrodynamic and thermal calculations were carried out
jointly with neutron-physical calculations of the reactor for which the Monte-
Carlo method was used with special consideration of making the spectrum of thermal
neutrons more rigid due to scattering in the working substance and because of the
preferred "corrosion" of the soft part of the spectrum in gaseous uranium.

The complex thermal, gas-dynamic, neutron-physical and other calculations confirm
the possibility of achieving parameters of a gas-phase reactor promising for vari-
o1s applications.

The results described briefly in the given article, a number of other investigations
and the materials of published papers provide the basis to develop further investi-
rations on gas-phase reactors--one of the most promising trends for future power
englneering.
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UDC 533.17
- MIXING OF ACCOMPANYING GAS JETS

Mouicow LZVESTIYA AKADEMII NAUK SSSR: ENERGETIKA I TRANSPORT in Russian No 2,
L968 pp 52-57

[Article by O. I. Navoznov and A. A. Pavel'yev, Moscow ]

[Text] The authors experimentally determine how the average flow
parameters and dimensions of the mixing zones of two coaxial Jets
of incompressible gas depend on initial conditions. The initial
conditions were varied by placing fine-mesh grids in the initial
section of the flow. When screens with mesh size of 0.07 mm are
used, the ordinate of the inner boundary of the mixing zone falls
off linearly right up to a velocity ratio of accompanying flows
of' m=0.95, whereas in the absence of screens at the nozzle tip,

- mixing ceases to depend on the velocity ratio starting with
m=0.5, and is entirely determined by the magnitudes of the

- boundaery layers on the nozzle wall that separates the two streams.

A relation is found for the way that mixing depends on the density
ratio when submerged jets of different densities are discharged
into different media. The density ratio ranged from 7 (air jet
into & helium atmosphere) to 30 (helium jet into a Freon-12 atmos-

phere). Figures 7, references L.

Existing semi-empirical theories of free turbulent flows [Ref. 1-3] are essen-
tially differential methods of processing experimental data, but measurements of
turbulence structure do not confirm the models on which these theories are based.
Thercfore they cannot be used in cases that have not been experimentally studied
beforehand. Some information on flows can be obtained by using dimensional anal-
ysis, symmetry considerations, conservation laws and experimental data on turbu-
lence structure of a more general nature. But only a properly designed experi-
ment can give the complete picture. 1In view of the large number of parameters
that influence mixing in a specific experiment and the simultaneous variation of
these parameters, it is not always possible to single out the dependence on a
single parameter such as veloecity ratio. Much of the research on jet flows does
not take consideration of changes in initial conditions, and this leads to dif-

- ferent semi-empirical relations. For example, some papers give data that charac-
terize the magnitudes of boundary layers on the separating jet of the nozzle
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surface, but do not indicate flow velocities, and since the boundary layers
change with changing velocity, the given data are insufficient for obtaining
dependences on the ratio of velocities and densities.

A\

Fig. L. Drilled grating and felt; 2--fine-mesh grids; 3--pylon; L—-central
nozzle; 5--IAB-451 schlieren camera

Fig. 1 shows a diagram of the working section. Central nozzles 40 and 30 mm in
diemeter with edge thickness of 0.4 mm were fastened on two pylons in tubes 300
and 120 mm in diameter respectively. To deturbulize the flows and vary condi-
tions at the inlet, fine-mesh grids with mesh size from 0.07 to 0.3 mm and
porosity from 0.35 to 0.5 respectively were installed in the accompanying flow
- and in the central nozzle. Measurements of the coefficient of turbulent diffu-
sion Dy in the airstream behind such grids from expansion of the thermal wake
behind a heated wire 0.03 mm in diameter at an air velocity of 15 m/s at normal
B temperature showed that this parameter is close to the coefficient of molecular
- transfer L. Fig. 2 shows the dimensionless coefficient of turbulent diffusion
- D = Dy/Vdgype @s & function of the dimensionless axial coordinate x/d and the
dimensionless distance from the wall £=(riype - r)/rtube in a tube 100 mm in
diameter at an air velocity of V=15 m/s.
The broken line shows the dimensionless bt
coefficient of molecular diffusion Dy. q;m
It should be noted that the corresponding %\\

coeflicient of turbulent diffusion when
turbulence is fully developed in the tube 04
iz 10 times the Dp found in the experi-
ment with the above-mentioned screens.
Turbulence intensity was less than 1%.

42
The installation of a common screen (cr IR
a stack of two or three screens) at the
nozzlc tip in the working section (Fig. 1) 0
effectively equalized the velocity pro-
files in the boundary layers on the Fig. 2. 1l-—g£=1;2--£=0.6; 3-~£=0.4

edge. 'The dimensions of boundary layers

on the tip could be varied by the installation of screens at different distances
from the edge.

The geometric characteristics of the flow (width of the mixing zone, length of
the core) were determined from measurements of temperature profiles and velocity
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heads. 'The boundaries of the mixing zone were taken as the points of the profiles
where the relative excess temperatures ATy, velocity heads A(pV2/2)* and veloci-
ties AV, are equal to 0.97 and 0.03. One of the streams was heated for measure-
ment of the temperature profiles. The temperature differential between streams
was no more than 50 K. The temperature fields in the flow were measured by
Chromel-Copel thermocouples assembled into a "comb" of 30 units with spacing of
3 mm. ‘'The thermocouple junction was about 0.1 mm in diameter. The thermocouple
readings were recorded by the EPP-09 [chart-recording potentiometer]. A time of
15 s was required for taking one profile. The profiles of velocity heads were
measured by a comb of 25 Pitot tubes with readings indicated on an inclined
manometer bank. In addition, the schlieren method or a TOpler tube was used to
photograph the gas flows of different density at the tip of the working section.
The velocities varied over a range of 10-50 m/s. Air, helium and Freon-12 were
used as working fluids.

n -
. 0.2,
20 X
E4 : o :
15 o-
o
on
10 —
ol a0
=] 0
S ot 004 2
1 02 m ‘j.»‘
- 0 gz g4 & 48 40 o 42z ¢ 45 48 nm
IFig. 3. 1l--without a Fig. 4

screen on the tip; 2--
with screen on the tip

he: influence of boundary layers on the tip is illustrated by Fig. 3, which shows
how the ordinate of the inside boundary of the mixing zone y; (with respect to a
relative velocity of V=0.03) depends on the velocity ratio m=V3/Vy of two air
Jets at e distance of x/d=7.5 from the tip. In the first case there was no grid
on the tip, and the boundary layer accumulated to a length of 250 mm on the outer
wall of the central nozzle. In the second case, a screen with mesh of 0.07 mm
and porosity of 0.35 was installed on the tip. This figure shows that without a
sereen the mixing ceases to depend on the velocity ratio beginning with m=0.5.
However, this quantity is different for different distances from the edge, and
increases with increasing distance. This is explained by the fact that the trans-
r'er properties of o mixing layer with constant difference between flow velocities
increase with distance from the edge, whereas the transfer properties determined
by the initial conditions remain constant with respect to length, or decrease.
There fore mixing will be determined mainly by the local velocity difference be-
pinning with some distance from the edge for any initial conditions. And the
more strongly the flow is turbulized, and the larger the boundary layers, the
farther from the edge will the influence of the initial conditions be felt. This
reasoning holds for a flat mixing zone and initial jet section. It should be
noted that mixing on the initial section of axisymmetric jets, in view of the

13
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uwsually short mixing length, either takes place under conditions of transition to
developed turbulent flow, or is determined by the initial conditions.

The dependence of the width of the mixing zone on the velocity ratio in the case
of weak influence of initial conditions was studied with grids installed on the
nozzle tip. The thickness of the boundary layers in this case was less than 1 mm
on ench side of the edge. The corresponding dependence of the width b/x of the
mixing zone determined from the relative excess velocity as a function of the
velocity ratio m is shown in Fig. 4 (here b=y +y2, n=p1/pp=1). It can be
seen that the experimental results are described by a linear function b/x=0.2(1-m)
up to m=0.95. In deriving this function, consideration was taken of the fact
that on a considerable portion of the initial section of the jet the flow is
markedly periodic or tending to turbulence; this section is eliminated from con-
sideration. The length of this section was determined from schlieren photographs
of the flow.

In connection with the above-mentioned strong influence of initial conditions
(including the relative misalignment of the two streams), as well as the lack of
necessary data on these conditions in different research papers, it is difficult
to compare the various experimental results. A number of relations are proposed
in the literature for the width of the mixing zone as a function of the ratios of
velocities m and densities n derived with a variety of assumptions regarding the
flow pattern in the mixing layer. For example it is suggested in Ref. 1, L that
the ratio of the width of the mixing zone to the distance from the edge is pro-
portional to the ratio of two velocities: transverse mixing is proportional to
the sbsolute value of the difference in velocities of the two flows Au= Iul— us |,
while longitudinal mixing is proportional to some average velocity over the
mixing zone

vr="{ oudy/ §ody.

Then b/x =~ AU/U¥. TFor mixing of homogeneous flows, this leads to the relation
b/x~(1-m)/(1+m), which has not been confirmed by the experiments of the
authors of the present paper. Nor has the implied dependence of mixing on den-
sity ratio for submerged jets found confirmation. The relation implies that when
i jet mixes in an atmosphere of lighter gas, the core cannot be increased to more
than twice its length in the case of mixing of homogeneous streams. In experi-
ments done with mixing of a submerged jet of Freon in an air atmosphere, the
lenghh of the core increases by a factor of approximately 2.5.

[t was proposed in Ref. 1 that the mixing intensity is determined by the differ-
ence of velocity heads rather than velocities, and that minimum mixing is ob-
served when the velocity heads of the streams are equal. This assumption has not
been cxperimentally confirmed, and it has no sound theoretical basis.

Noth the above-mentioned assumptions imply that mixing depends differently on n
for different m, i. e. mixing differs for the same Au when the absolute veloci-
ties are different. But it is more natural to assume that the particulars of
interaction of two streams will be determined only by their relative motion if
only the mixing is not affected by initial irregularities of velocity and initial
turbulence. These assumptions together with the experimental results make the
above-mentioned relations untenable.

14
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Assuming, that absolute velocities have no effect on the way that mixing depends
on the density ratio for the same velocity difference, we get for the width of
the mixing zone

b= (z —z0)f(m)g(n),

whurae xg is the effective coordinate origin determined by the conditicns of tran-
sition to turbulent flow, while f(m) and ¢(n) are given functions.

Dimensional analysis tells us that a flat mixing zone implies linear dependence
on x, but gives us no inrformation whatever on the form of functions f{m) and
¢#(n). However, if we assume that mixirg is entirely determined by the velocity
difTerence, and that the lower velocity shifts the flow pattern in the direction
of flow, then we get

b= (z —20) (1 — m)g(n).

Tt was assumed in deriving this formula that the dimensions of mixing zones for

- flows with different absolute velocities are equal for the same velocity differ-
ence at the same values of the coordinates x - xy where we have equal longitudinal
mixing of undisturbed particles of one flow relative to the undisturbed particles
of the other flow. The linear dependence of the width of the mixing zone on the
velocity ratio that is obtained with such assumptions is confirmed well by experi-
ment (['ig. 4). We find from these same assumptions that the dependence of the
width of the mixing zone on the density ratio is the same for any velocity ratio.
Therefore the function can be experimentally determined with any velocity ratio,
including for submerged Jets (m=0), as was done by the authors (Fig. 5).

5. /

o/ ry a
2 20 |
aJ /
5"/ P
i / /,/
/ A
2 o /ASVA
- [
——
T R T 0. a5 7 75
Clg
] Fig. 5. 1--Ax/Ab; 2--Ax/Dyy; 3--Ax/Ayo

Studies were done at density ratios n ranging from Y, (air jet in a helium atmos-
phere) to 30 (helium jet in a Freon atmosphere). The central jet was heated,
and the width of the mixing zone was determined from the temperature profiles.
7o reduce heat exchange and temperature boundary layers on the edge, the flows
were thermally isolated by placing a hcat-insulating jacket over the central
nozsle. Measurements were made in each cross section on the end of the tube.
Fig. % shows the way that the width of the mixing zone depends on the density
ratio r1=putm/p et- In individual experiments, m was somevhat greater than O,
but. never exceeded 0.05. As we can see from Fig. 5, the intensity of mixing of
a heavy jet in a light gas atmosphere drops sharply as compared with the mixing
intensity of homogeneous flows (1g(1/n) =0), but when the jet density is reduced
in comparison with the accompanying flow, the mixing intensity shows a very weak
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increase. This can be attributed to the fact that the mixing intensity is de-
termined by processes on the interface between the turbulent and nonturbulent
fluids, where the density ratio changes sharply when a heavy jet is injected into
an atmosphere of lighter gas, and changes weakly in the opposite case.
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youn } } of z/d;
30/- S *2
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0 Ty M
BB NP e

15 ( =
) 4
V)

4 Jo 50 90 . 120 150

I’NH

<

=T )" i by
I'ig. O shows profiles of rélative velocity heads and temperatures for a Freon Jjet
in an atmosphere of air at Vv, =10.4 m/s, T=310 K. It can be seen that the ve-
locity head profile is narrower than the temperature profile in the outer part of
the mixing zone, whereas their boundaries coincide in the inner section, i. e.
the velocity profile is also narrower than the temperature profile, the bounda-
ries of which coincide with those of the concentration profile. Consequently the
velocity profile is narrower than the concentration profile in the case of dif-
ferent densities as well. This leads to & nonmonotonic change in the velocity
head profile in the zone of mixing of two streams of different density with
slightly different velocity-heads even in the case where the velocity head of the
1ight gas is greater than that of the heavier gas. Fig. T shows profiles of the
velocity heads and temperatures in the
zone of mixing of a jet of helium with A(ﬁkﬁ ‘AT
an accompanying flow of air at equal r 2 ez -
velocity heads (x=102 mm, Vgip=14.2 m/s) PN g S 1

Fig. 6. ]__AT‘Z’[‘_ Tr. g a (yf) _ PV —pa?

, " ; R
These results confirm coincidence of the =~ / />’—}\ “e
boundnries of the temperature and density \ L/ .Béﬁ—
profiles \,V k:j

I, should be noted that calculation of // 45
the profile of average velocity from the \
measured profiles of velocity heads and
coneentrations may be very inexact since
density pulsations in the zone of mixing 20 15 1 45 0 gF 115 20 y/?
of two flows of different density are not

small compared with the average, and in Fig. 7

isolated instances even exceed the average.

With f'low of a neavy jet in an atmosphere of light gas there is a strong reduc-
tion in the intensity of mixing turbulence if the ratio of the width of the

mi xing zone to the distance from the edge is taken as the characteristic of
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turbulence intensity. In this case at low jet velocities molecular transport
processes may be appreciable, and as a consequence mixing will be dependent on
Lhe absolute velocity.

The results of this research do not apply to the case of flow of two jets with
cqual velocities since the flow has a structure similar to the wake behind a
body when m=1,

Conclusions. 1. A relation is found for the width of the zone of accompanying
s Jjets as a function of the velocity ratio.

g

.

RS
R

A relation has been experimentally found for the width of the mixing zone of

submerged jets as a function of the density ratio of the gases being mixed.

The velocity head in the zone of mixing of accompanying jets of different

density varies nonmonotonically with respect to radius.
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ubC 532.517.h.532.518.532.526.001.5

WALE FORMED BEHIND A PLATE UPON MERGING OF TWO FLOWS OF INCOMPRESSIBLE FLUID WITH
DIFFERENT DENSITIES

Mos cow IZVESTIYA AKADEMII NAUK SSSR: ENERGETIKA I TRANSPORT in Russian No 6,
1969 pp 122-132

|Article by 0. I. Navoznov and A. A. Navel'yev, Moscow |

[Text] A theoretical and experimental study is done on the
averaged characteristics of turbulent flow in the wake formed
behind the edge of a plate upon merging of two flows of incom-
pressible fluid with different densities p; and py.

Based on dimensional analysis and certain hypotheses concerning
motion of the interface between the turbulent wake and the po-
tential flow outside the wake, expressions are derived that
describe the change in width b of the weke and its displacement
relative to the plane of the plate with respect to longitudinal
coordinate as a function of the density ratio n=p1/p2-

‘The experimental technique and procedure are described.

The authors present the results of measurements in the wake that
arisec upon merging of flows of the same gas (air-air), and also
when streams of air and helium merge.

The appendix gives the method of calculating the concentration
profile from the temperature profile measured by thermocouples.
Fipures 8, References 5.

L. Dimensional Analysis. Consider a two-dimensional wake formed when two incom-
pressible fluids merge behind a plate, assuming that molecular transport is in-
sipnificant and that turbulence is smell in both fluid streams. Then it can be
assumed that far from the edge, where the velocity defect U¥ is small compared
with the velocity of the unperturbed flow (i. e. U*/Un«l), the specific form of
1oss of momentum [ on the initial section of the wake is unimportant, the flow
beiny: determined only by the absolute value of P without dependence on the

Reynolds number. The controlling parameters for such a flow are
Uew p1, p2, Py Uy 2. (1.1)
18
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The tollowing dimensionless numbers can be made up from these controlling
parameters

pi. b P b

V "o THPloUAY ol T

(1.2)

Formwla (1.2) chows us that as in the case of a wake in a homogeneous fluid,
dimensional analysis does not give the dependence of the width b of the wake on

- the longitudinal coordinate, &nd does not show self-similarity of motion. How-
ever, it is known that in all investigated cases self-similarity is realized if
the corresponding equations of motion permit self-similar solutions. In the
boundary layer approximation the equations of cocntinuity, motion and diffusion
for averaged vealues of isothermal incompressible fluids in the wake are written
in the followirg form:

e —W T—U!T_ y (1.3)
ap dp’v’
Uw =0
01+ dy -

v these equations we must add the condition of conservation of momentum in the

B wike
40
XpUmU‘ dy = const. (1.4)
In these cquations u', v', p' are respectively the pulsations of longitudinal and
transverse velocity and of density. In equations (1.3), we can introduce concen-
tration ¢ in place of density. Then at T=const
) ’
- C = P pz; ¢’ =—-—p——
p1— P2 P P2

Then Lot us represent U*, &, c'v' and u'v' in the following form:

U = zrfi(y | z9); W = 227f3(y [ 27);

. (1.5)
t=zhfa(y[29); 'V = zhtrf(y/29)
and substitute them in equations (1.3) and (1.4). After transformations ve get
", 1y
U(phi+anfy)=—[ fs +—_‘x—“"— xpteHt
2+ Py
Uoo (kfz 4+ qufs’) == —fi'zPte¥,
4oo 1 oo
;;p+h—qu_if1f2 dn + zr=9 n+41 Uw_Swfl dn = coust, (1.6
where n=y/x3.
19
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Gystem of equations (1.6) does not depend on X if p, q and k satisfy the follow-
ing equalities:

p+g+1=0 p—gt+k=0 k=0 (1.7)

Then we get
0 =) W=h(5r) (1.8)

i'inally the system can be written as

fufy
1 A
fat~—— (1.9)

n+1
Unnnh, = 2f4’.

A Uu(fih b =1+

System (1.9) permits self-similar solutions, but here we have only two equations
for determination of the four functions fi-fy. Closure requires certain ad-
ditional assumptions. The most extensively used assumption of this kind is in-
troduction of coefficients of eddy viscosity € and eddy diffusionep that are
used to show the dependences of w'v' and p'v' on the gradients of the averaged
quantities

‘:—-’_’_’.la_a_ ‘=—-’—;/.£p_
ty l“/Oy and ¢p p'v t')y'

Then equations (1.3) will be written as

oa a("aa> & Op 00

o —— = ——| ty—— —_——
oz ay\ ' dy p dy dy' (1.10)
U gp 0 ap
= or 0y<€p—61-/_)' (1.11)
and the solution of the diffusion equation is found in explicit form:
2% — A -
4 (P£+Pz)=er[ Y — Yos ' (1.12)
p1 -+ P2 . 2< :c——zo)‘/: .
€
P Uoo
where yo .5 16 the coordinate where p=(p) +py)/2, and gy is determined from
dimensional analysis: P
gp = E(n),
g 1/2(py + p2) Us?
where £(n) is an experimental function.
20
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On the basis of dimensional analysis, the quantities U¥* and p can be written as
functions of the coordinates in the following form:

. . : ]V' ' Y pi U
A e e I ¢ P ,
[p(-‘t—‘l‘o) ! P e Uw (1.13)
[pU °(I—x°)
[ P }'/:
. P g y .o Lp(z—x) (1.14)
p—p1 p h'o ! U '
[——-(1—10)]
0U?

As noted above, dimensional analysis does not yield self-similar relations. How-
ever, considering that the equations of motion permit self-similar solutions, we

U
can assume that at some distance from the edge where —<{ and

[p(xp—zo)]%( ST

these dimensionless parameters are unimportant, and self-similar relations are
realized.

As the characteristic density pgopp let us take the arithmetic average density

. of the two flows (py+pp)/2. Then, defining the boundary of the wake as the
valu: of y at which (p-py)/(pp-py) tekes some fixed value, we get the following
expression for the width of the wake:

- o= (p]2E00 )" 2=z o). (1.15)

The runction ¢(n) shows up as a consequence of the arbitrary definition of the
cffective density pgpp as the arithmetic average density of the two flows. If
relation (1.12) is considered valid for the distribution of concentrations, then
such o definition corresponds to a content of equal volumes of fluids being
mixed within the width of the wake. It can be assumed that in this case the
function ¢(n) will be weakly dependent on the density ratio.

Relation (1.15) will have a different appearance if the effective density is
defined as

Perr = ma+ (1 —a)py (1.16)

where o is some average value taken over the wake of the volumetric concentration
of fluid with density py. In this case

P |
h=c{ [m(l-’r(f—u)Pz]Um:f (x — zo) " (1.17)

e value of a in (1.17) can be experimentally determined from measurement of
the width of the wake at some known loss of momentum P. It should be noted that
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momentum losses in fluids of different densities affect the width of the wake
differently. LUf the thickness of the edge is small, then

- P = Ul(p:&:" +p202°), .

where 8% and 6% are the thicknesses of the loss of momenta on the edge in boun-
dary layers of the fluids with densities p; and pp respectively.

Gubstituting this expression in (1.17) we get

nal- +62. 'y
b=c(~————-——) z— zo) " (1.18)
nu+1—a ( o)

The thickness of loss of momentum of fluid 1 appears in this expression with a
factor n, and if n«l, the thickness of loss of momentum in the light fluid does
nol. play an appreciable part.

2. poundary of the Turbulent Reglon. Dimensional analysis cannot provide any
information relative to displacement of the wake, i. e. the asymmetry of its
boundaries on the side of the light and heavy fluid relative to the plane of the
plate. Such information can be obtained by resorting to certain additional
hypotheses.

Measurements that have been made so far, and especially visual observations of

the interface between a turbulent wake and the potential flow outside of the wake
[Ref. 1, 2], suggest that the instability of this boundary is instability of the
Helmholtz Lype, i. e. it is determined by the flow parameters close to the
boundary. This applies in particular to the influence of the density ratio of

the mixing flows as well. From this standpoint, let us consider the propagation
of a submerged jet in a space filled with a fluid of another density. As the
Light pus moves in an atmosphere of the heavy gas, the density ratio on each side
of the boundary of the turbulence region is not too far from unity. This is ex-
plained by the fact that the heavy gas is located on one side, while a mixture of
heavy and light gases is located on the other side. Thus the sought density

ratio cannot be less than the volumetric fraction ¢’ heavy gas in the mixture.

On the other hand, when the heavy gas is moving in the light one, this ratio may
be very large. Hence it can be concluded that when the light gas moves in the
henvier one, mixing should not be very 4ifferent from that in the case of propa-
pation of a submerged jet in a medium of the same gas. Contrariwise, mixing during
motion of a heavy gas in a light one ought to have distinguishing features. These
quulitative conclusions agree with experimental data. Further assumptions are
required to get quantitative estimates.

Frames taken by a motion picture camera moving at the velocity of the flow show
thit perturbations develop cyclically, i. e. perturbations appear, increase, and
after reaching a certain magnitude they break down, encompassing the nonturbulent
fluid. 'hen after a certain rest period, perturbations arise once more, but now
on a larger scale. 1t 1s known from experiments that transverse displacements

of the boundary are of the order of the perturbation wavelength, i. e. of order
k'l, and that the ratio between the time of development of the perturbations and
the Lime of rest is about the same for each period.

Let us assume that at some initial instant the interface is straight, velocity
chanpes abruptly at this boundary by an amount AV, and the densities are different

22
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on the different sides of the interface. Let us denote the density of the flow
moving with greater velocity by pg, and with lesser velocity--by Om. In this
caue, perturbations of the type considered in Ref. 3 develop on the interface:

= by exp i{kz — ct), (2.1)
where
- kAVps '\ Yooom
c= -+ ikAV —m—. .
pﬁ+pu+ Pﬁ+pm (2 2)

We ascume further that the quantity v = kAVYpspu/ (ps+ pu)t is the same for each

period of perturbation, and does not depend on the density ratio. This means

that the initial perturbation increases in each period by the same factor re-
- pradless of the density ratio.

Hlence the perilod is
T ¥

Vv YPGDM

kA
p6 + Px

ln this time the crests of the perturbation wave shift relative to the stationary
- fluid by an amount proportional to

: AVpo/ (pm+ 0s) - k—i(..‘?_o_)'/’ .

kEAVYpoom/ (pu + ps) Pm
Thus Lhe ratio of tria.nsverse to longitudinal displacement, i. e. db/dx, is pro-
portional to (DM/QG)'ZI
_ db Pw \
‘a—ﬁ(ﬂ) ' (2.3)
_ where B=db/dx for equal densities.

T application of expression (2.3) to the mixing layer must be considered in

- addition, since here there are two interfaces between the turbulent and non-
turbwlent flows——on the side of the fluid with lesser density and on the side of
the fluid with greater density--and the use of expression (2.3) for estimates on
Lhese two boundaries leads to different results. Experimental data on the
initial section of an axisymmetric jet coincide with these estimates if the
formula is applied to the outside boundary of the jet.

[ expression (2.3) is applied to the outside boundary of an axisymmetric sub-
merped Jjet, then in this case @y is the density of the ambient medium, while
Pg = AP jet, * (1- Ot)pmed is some effective density intermediate between that of the

medium Ppeq And that of the jet Pjet - Thus, as applied to the mixing zone of a
submerged Jjet, expression (2.3) should be written as
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e
: =c
I— Ty a+(I—a)n ? (2.4)
where o is an experimental constant equal to 0.75, and nzpmed/pjet'

Generally speaking, o may depend on n, and then the value of expression (2.L)
is reduced, but as experiments have shown, for a wide range of density ratios
Lhe data are well described with a=const. It can be assumed that similar

reasoning is applicable to all kinds of shear flows that have interfaces between
turbulent and ronturbulent fluids.

Based on the results of theoretical and experimental consideration, the following
model can be proposed for the averaged flow in the turbulent pert of a wake
(shown schematically in Fig. 1) where the smooth profiles of density and velocity

Fig. 1. Flow scheme in *he wake behind an edge

are roeplaced by discontinuities with respect to some average position of the
boundury surface. At some average effective density perr within the wake on the
~ide of its boundary with the heavy liquid pg, the velocity of the fluid with
proater density is higher (pp >Peffs Uy = Uso >Ueff), while on the other side the
flLuid with lower density has higher velocity. Then from relation (2.3) we can
et the ratio of coordinates of the two boundaries, 1. e. the displacement of the
winke rolative to the plane of the plate:

dya =8 ( P:)thth.n)'/’ : "dyr — ﬂ(pnmm.r)"' )

dx O dx pr
Whoenee
Yn ‘_ pr \'"" / Poardp. n h -
={— —) (2.5)
Ur Pn . Podp. 1/
where Lhe subscripts J1and T refer to the light and heavy gases respectively,
o .1 and P _p Are s0me average effective densities inside the wake on the

side of the Light and heavy fluids.
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Thus dimensional analysis gives the dependence of the width of the wake on the
lorgitudinal coordinate and initial loss of momentum, while a few hypotheses on
motion of the interface give the displacement of the wake relative to the plane
of" the plate as a function of the density ratio.

3. Experimental Technique and Procedure. Flow in the wake behind the edge with
merping of inhomogeneous fluids was studied in a working section with a channel
of rectangular cross section measuring 160 x160 mm (see Fig. 2). Air and helium

'ﬂl 1t IL i : Ji It
— " 1 )
0T N
N ,
\. —_—A
14

XN/

iy .. l--perforated grating and felt; 2--fine-mesh screens; 3--partition;
h——c¢ylinder; 5--wake

were fed into the two halves of the channel separated by a horizontal partition.
Flow velocities were equalized and turbulence was reduced by using a set of fine
screens with mesh of M=0.1 mm. The horizontal partition terminated in a sharp
edge 0.3 mm thick. In the upper cavity there was a screen 40 mm from the edge,
while in the lower cavity a creen was 50 mm from the edge. They minimized the
thickness ol the boundary layer on the edge (<1 mm) and reduced the coefficient
of turbulent diffusion.

In the experiments the velocity heads and temperatures were measured simultane-
ously over the whole cross section. This was done by using a comb of Pitot
tubes 1 omm o in diameter, and a comb of Chromel-Copel thermocouples with diameters
of about 0.5 mm. In the course of the experiments, one of the gases could be
teated by 30-50°C over the other.

The width of the wake was determined with respect to coordinates corresponding to
vitlues of 0.95 and 0.05 respectively for the relative excess velocity heads

A pU2/0) = (pU%=p Uf) /(poU% - p UY), temperature AT, =(T-T)/(T,-T;) and
velocity MU, =(U-Uy)/(Up~Uy). In a number of cases an estimate was made of the
distribution of volumetric concentrations with respect to the known temperature
ficld in accordance with the method presented in the Appendix.

I'n addition, the width and displacement of the wake were determined from photo-

graphs of the tlow taken with the IAB-U451 schlieren camera at an exposure of
~L0™Y .

i, Ixperimental Results and Their Analysis. Fig. 3 shows the results of measure-
ment, of the relative angles of flare (Ab/Ax)n=l/(Ab/Ax)n=var of zones of mixing
of axisymnetric submerged jets (m=0) and of flat layers with mixing of flows of
dirferent density as a function of the ratio of the Jjet density to the density of
the medium or the density of the flow with lower velocity. Some of these data
huve already been given in a preceding paper by the authors [Ref. 4], which also
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Fig. 3. 1l--m=0; 2--m=0.4

contains a detailed description of the experimental conditions. Different com-
binations of three working gases (helium, air and Freon-12) enabled investiga-
tion of this relationship in the range of density ratios n from Vw (helium jet in
Freon atmosphere) to 30 (Freon jet in helium atmosphere). As we can see from
these data, the intensity of mixing when jets of higher density are discharged
into a medium of lower density decreases sharply as compared with mixing of homo-
geneous Jets, whereas the change is weak for jets with lower density in a heavier
medium. This result agrees with the qualitative conclusions of the hypothesis
discussed above concerning the mechanism of mixing of flows with displacement.
The theorebical curve plotted from relation (2.4) at a=0.75 (Fig. 3) satis-
factorily describes the experimental data. Within the framework of the proposed
mixing model, this means that in mixing of flows of different density, o is de-
fined in the same way for the whole investigated range of n, which leads in turn
to the conclusion that the concentration profile is independent of the density
ratio. However, the latter statement requires further verification.

bimm)

o/ -
ol -
IO o3 =

@y
7/ ¥
(X
Jof @7

L1
20
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10—
I
0 100 200 Joo 400 500z (mm)
Fig. b, l--air-air; 2-—air-air, diameter 1.2 mm in air; 3--air-air, diameter

2.5 mm in air; Y--air-helium; 5--air-helium, diameter 1.2 mm in air; 6--air-
helium, diameter 2.5 mm in air; T--air helium, diameter 1.2 mm in helium; 8--
air-nir, Us=24.5 m/s

ALl the experimental data on flow in the wake were obtained in the self-similar
repion at fairly remote distances from the edge.
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Fiy. W gives deta on the behavior of the width b of the wake as a function of
distance x from the edge at a low level of turbulence in an unperturbed flow of
rfluid. 'The width of the wake was determined from the temperature profile; the

velocity of the unperturbed flow U, =11 m/s. To vary the initial loss of momen-
tum, cylinders with diameters of 1.2 and 2.5 mm were placed in one of the streams
along the entire edge, the larger cylinder being placed at a height of 2 mm above
the surface separating the plates, while the smaller cylinder was put right on
Lhe surface. Both cylinders were held 30 mm from the edge.

The experimental points relating to homogeneo;.zs wakes (solid lines) are satis-
factorily described by a parabola b=c(x-x3)%. With an increase in velocity
(Uo =2U.% m/s) the width of the wake decreases.

The same figure shows experimental data relating to the wake formed when flows

of different density (air and helium) merge behind the plate. The density ratio
was varied from 6.5 to 9.0 by heating the air or the helium. These data are also
satisfactorily described by a parabolic relation (broken lines) b ~(x-xp)%. 1In
thiz case the width of the wake is greater than for wakes in a like fluid with
placement. of identical cylinders in the air stream.

Jt should be ncted that placement of the cylinder in the light gas (helium) leads
to a slight increasce in the width of the wake, while placement of the same
cylinder in the heavy gas (air) considerably increases the width of the wake.

Oince the loss of momentum in the light gas remains unchanged when the cylinder
i3 placed in the heavy gas, the value of a can be determined from relation (1.17)
by measuring the width of the wake. In accordance with the assumptions of Sec-
tion 2, the value of a is taken as 0.5, which corresponds to expression (1.15),
where the form of function ¢(n) depends on the definition of pgpe. Calculation

- by the data of Fig. 4 gives a=0.435. Thus the value of Pers in the wake is
eluse to the arithmetic mean density of the mixing gases. The difference between
this value of o and the previously suggested value of a=0.5 corresponds to a
difference in the width of the wake of 5%.

| 2 < e
Zd N
N

(/e

AN

N

5 75 96 Q4 0z 0 02 QLyfb
én=p /p, 7

Fig. 6. 1l--c (calculation);
2--AT, (experiment); 3--error
curve
Pig. %5 shows data on the change in the ratio of coordinates y_n/yT cf the wake

boundary on the heavy and light gas sides reckoned from the plane of the plate as
« funetion of the density ratio n. The disposition of experimental points is

27

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400020034-8



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400020034-8

FOR OFFICIAL USE ONLY

shown by the shaded rectangles. Displacement of the wake was determined from the
distribution of concentrations calculated from the experimental temperature field
and from photographs of the flow at e distance x =200 mm from the edge and with

o cylinder of 1.2 mm diameter placed in the air stream. It should be noted that

tLite displacement of the wake in the given case could have been influenced by flow
conditions outside the wske, for example by the conditions of discharge from the

working section.

Fi;r. G shows the profile of relative excess temperature ATy (They < Taiy) in the
woke with o helium-air flow, and the concentration profile calculated from this
curve. For purposes of comparison, this figure also gives the Gauss curve that
coincides with the concentration profile at points 0.95 and 0.05. Considering
that the helium concentrations are understated in calculating the concentrations
by the method presented in the Appendix, which assumes absence of molecular mix-
ing, we can take it that the given profile is close to Gaussian distribution.

Sehlieren photographs of the wakes behind the edge of a plate are shown in Fig. T
[photo not reproduced]. These photographs show an increase in the width of the
wake in a heterogeneous flow as compared with the wake in a medium with uniform
density, and also displacement of the wake relative to the plate.

Conclusions. Based on dimensional analysis and some hypotheses concerning the
mechanism of motion of the boundaries of the turbulent region of a wake, rela-
tions are found for the way that the width of the wake and its displacement
depend on the ratio of densities of the mixing flows. Experimental data are
obtained that agree with the results of the theoretical analysis.

APIENDIX
Thermocouple Measurement of Temperature in Flows with Density Gradient., Fluc-

Luation of both concentration and temperature tekes place in turbulent flows with
a density gradient. This fluctuation may have a considerable effect on thermo-

couple readings, since they are determined by the conditions of junction heat
exchange. In the zone of turbulent mixing of flows, pulsations of concentration
are commensurate with the average value, but in some cases they may be several

times the average. Since the exact level of pulsations is unknown, it is of
intoerest to determine the relation between thermocouple readings and concentra-
t,ion in Lwo extreme cases.

in bLhe first case, it is assumed that the concentration and relative excess tem—-
perature vary from 0 to 1 during flow around the thrmocouple junction, and the
average of the readings is determined by the frequency of alternating immersion
of the junction in one fluid or the other.

The second extreme assumption is that the fluids are intermixed up to the molecu-
Lar level, and that the corresponding temperatures and concentrations have been
reached. However, this assumption is admittedly not realized in most free turbu-
Lent flows.

We will nssume that the thermocouple responds sluggishly, so that its temperature

does not vary when there are temperature pulsations in the incident flow. Ve
will ssosume moreover that the differerce in temperatures of the flows is small in
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comparison with the average temperature of the mixture (AT/T«1), and in evalu-
nting the parameters the temperature can be taken as constant. Then the heat
upplied to the thermocouple when the temperature of the flow exceeds that of the
thermocouple should equal the heat carried away from the thermocouple when the

flow Lempernture is less than that of the thermocouple. This heat balance is
writlen ag

ul(Tl‘—T‘r)n:u‘:(Tr""Tz)tZ' (A 1)
where Ly and tp are the respective tires during which the thermocouple is in

fluids 1 and 2; o} and ap are heat transfer coefficients, Ty is the temperature
of the thermocouple.

[n this case, the concentration of fluid 1 is c=t;/(ty;+ty). Introducing
Y=ay/ag;y Ty=(Tp-Tp)/(T) ~Ty), we get

a—— T‘
Siraioy (A.2)

The coefficient of heat transfer of the junction is determined from the dimen-
sionless relation

Nu= A4+ I Re"Pr", (A 3)

AL high Reynolds numbers, the first term in the right-hand member of (A.3) is
insignificant. Then we get the following expression for y:

=) (5 e

In deriving this expression it was assumed that fluids 1 and 2 flow around the
thermocouple junction at equal velocities. Let us take n=0.56 and m=0.36
[Ref. %]. Then we can indicate the values of y in the two cases: A>»BRelPr™
and AR RefPeM, For the firct case. 0,1p/07.1 =0 7, o :y/op.=2.88: for the
second case, Ogj,./0p0) =0.545, 0gip/op, =0.98. In the
experiments, y was usually closer to the values typical
of the sccond case. Therefore it can be assumed that
when the temperature is measured by thermocouple, the
distribution of relative temperatures in the zone of
mixing of Freon with air is close to the distribution
of concentrations.

I'ig. 8 shows the profiles of temperatures on the initial
section of accompanying axisymmetric jets of air in
helium, helium in air, and Freon in air. 1In the ex-
periments the temperature of the Jjet was always higher
air> than the temperature of the accompanying flow, while
Ty = T 2--Vip>Vaips the jet velocities were always greater than the velocity
e = Tyi s 3VaiproVhers of the accompanying flow. The resultant profiles differ
B Toie ” Mo strongly from one another. At the same time, the dimen-
sionless profiles of temperatures of submerged Jjets of
Freon in alr, air in Freon and air in air practically coincide. Since in this
enne y= 1, this coincidence of temperature profiles should be observed as well if

Fip. 8. 1==Vjop >V
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the concentration profiles in these cases are similar. When the temperature pro-
files Lypical of Jets of helium in air and air in helium are recalculated with
respect to the corresponding parameter y, the resultant concentration profiles
alto approach the profiles of concentrations (temperatures) in a Jet of air in
air. 1t should be noted that recalculating by the proposed method should lead to
systematic deviation of the calculated profile from the true profile since no
consideration is taken of molecular transport.
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TRANG ['I'LON TO TURBULENCE IN ACCOMPANYING JETS

Moscow IZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 6,
1969 pp 131-136

[Article by O. I. Navoznov and A. A. Pavel'yev, Moscow]

[Text.] An experimental investigation was made of the transition to turbulence
for flow of an axisymmetric helium jet in an accompanying stream of air in the
case where the velocity on their boundary in the initial cross section was varied
in = layer of finite thickness produced by cross sectionally variable hydraulic
draog--a honeycomb with tube length varying along the radius. Velocity and tem-
perature profiles were measured, and photographs were taken by the Topler method.

It is known that flow with transverse shift of velocity is unstable, and eveu
near Lhe nozzle one observes periodic perturbations that increase with respect

to length, and the flow rapidly becomes turbulent. The absolute instability of
the surface of tangential discontinuity of velocity has been rigorously proved by
von Helmholtz, and an analysis done by Rayleigh on the stability of flow in a
laminar layer with velocity shift (which corresponds to a laminar zone of mixing
ol plane-parallel flows) within the framework of linear stability has shown that
such a flow is likewise unstable [Ref. 1].

More recent research [Ref. 2] has shown that a laminar mixing layer is unstable
at all Reynolds numbers, and that this result is weakly dependent on the form of
velocity profile [Ref. 3]. However, the development of perturbations apparently
conforms to linear theory only near the nozzle, and further out the mechanisms
desceribed by nonlinear theory become appreciable. The nonlinear transition phase
wur studied in papers by Schade [Ref. 4] and Lin [Ref. 5]. It is shown in Ref. 5
that nonlinear effects on the transition section may lead to "survival" of per-
turbations of some single wavelength, and that there should be eddies with the
uxls directed along the flow. In Ref. 4 an attempt is made to establish the
limits of applicability of linear stability theory.

- [t is shown below that in the absence of tangential discontinuity of velocity on
the boundary of the jets and at low Reynolds numbers of flow around the edges of
the outlet face of the honeycomb, the transition to turbulent flow is extended to

distances from the nozzle greater than 14 initial diameters of the jet, and the
mixing level on this section is close to laminar. In this case the Reynolds
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number derined with respect to the initial diameter of the jet and the difference
between the velocities of the accompanying flows was equal to ~5000, whereas
accordiug to the linear theory of hydrodynamic stability the critical Reynolds
number for flows of this kind is <10. The experimental technique is described.

L. An experimental study of transition to turbulence was done on the initial sec-—
tion of accompenying axisymmetric jets when the velocity profiles shown in Fig. 1
were sot up in the initial cross section. The following quantities were the con-
trolling parameters in the research: uj, up~--flow velocities outside of the
shear layer, uf——velocity on the jet boundary in the initial section, p3, P2--
flow densities, vy, vp--kinematic viscosities of the working fluids, h--thickness
of the shear layer, rg--radius of the central jet, Rg--radius of the accompanying
stream, M), Mp--dimensions of the honeycomb cells and screen mesh, Y1, Yo—--po-
rosity of honeycomb and screen.

he flows were taken as isothermal, and the initial nomuniformities of the ve-
locity profile determined by the boundary layers and edges were taken as small.
We can form 11 dimensionless numbers from the above-mentioned quantities:

uy us® P1 Vi
m=-—, m =-—,

" uy 2 Ve o Ro

lu experiments with tangential velocity discontinuity (Fig. la), the parameters

o* and h¥* are eliminated. When helium and air are used as the working fluids,

u and 1/ are approximately equal, since the dynamic viscosities of the fluids

are approximately equal. In experiments with velocity shear where the construc-

Lion of the working section is predetermined, m¥*, h*, r*, y;, ¥, remained constant

and the tlow was studied as a function of the behavior of parameter m and Reynolds

nunbers R, Ry and Rp. At m# m¥ we have tangential 3 , s

Jdiscontinuity cf velocity in addition to shear: / /

at m>m* (Fig. 1d) the flow in the mixing layer of l / i / /'| 2
- VAL

i E

the accompanying Jets approaches wake flow, and at e
m<m* (['ig. le) it approaches the flow in a free ,____t ——_:’_ =S §
mixing layer. * T — T e
A diagram of the working section of the facility is ] F——LZ-L——L" 1
shown in Fig. #. Central nozzle 1 with diameter _.L‘./i’
dg =8 mm and length of 260 mm is held in the Fig. 2
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center of a tube 120 mm in diameter by two streamlined pylons 3. The working
fluid was fed to the nozzle through the pylons. A thin metal Jacket with taper
of no more than 10° was placed over the outer surface of the nozzle with a gap of
nbout 0.5 mm for thermnl insulation of the flows. Fine screens with mesh of
M=0.1 mm and porosity ¢ =0.35 were placed in both flows to equalize the velocity
profiles and quench turbulence. In Jet experiments with stepwise change of
velocity, a grid was placed on the nozzle tip over the cross section of both
accompanying flows, and in experiments with velocity shear the last screen in the
accompanying flow was placed at a distance of 14 mm from the nozzle tip. The
turbulence intensity on such screens is less than 1%, and the coefficient of
turbulent diffusion is only tiwce the molecular value at an air speed of 15 m/s.
The thickness of the cylindrical edge of the nozzle on a length of 10 mm was

0.2 mm, and the thickness of the boundary layer on this edge was less than 1 mm.

The profile with velocity shear in the central Jjet was set up by honeycomb 2
assembled from tubes of various lengths with outside diameter of 1.2 mm and wall
thickness of 0.1 mm. Tube length in the central part of the nozzle out to a
radius of 7 mm was the same (25 mm), and then increased linearly to 78 mm on the
inrer wall of the nozzle. Tube packing in the honeycomb was mainly hexagonal,
while on isolated places near the periphery it was close to square. For the given
tube size, the porosity of the honeycomb with hexagonal packing was y; =0.65, and
with square packing--¢; =0.55. assuming absence of flow in the spaces between
tubes. The equivalent size of bars of a square grating with the same mesh M and
thic same porosity, was 0.37 mm.

The working fluids sent through the central nozzle were helium and air, and the
- fluid in the accompanying flow was air.

The profiles of velocity heads and temperatures were measured in the experiments.
Te velocity heads were measured by a comb of 25 Pitot tubes with readings taken
on an inclined manometer bank. To measure the temperature profile, the working
fluid of the central jet was heated to 30-50°C. The temperature profiles were
measured by a comb of 24 Chromel-Copel thermocouples. Their readings were re-
corded on the EPP-09 [strip-chart potentiometer].

The measured profiles were processed in relative units. The coordinates at which
the relative excess temperature T, = (T-Ty)/(T) - Ty) was equal to 0.05 were taken
as the outer boundary of the mixing zone.

In addition to the indicated measurements, the flows were photographed by the
Topler method at an exposure of 10-* s, and by motion pictures at a speed of
1400 frames per second.

2. 'The transition to turbulent flow of a helium jet in an accompanying air stream
in the case of a tangential velocity discontinuity in the initial cross section
was studied for different thicknesses of the boundary layers on the edge, differ-
enl velocity levels and variable ratic of the velocities of the accompanying jets.
'ig. 3 shows photographs [not reproduced} of a helium jet with velocity of

16.% m/c in an accompanying air flow of variable velocity. Velocities of the
accompanying air flow: a) 3.3 m/s; b) 6.5 m/s; ¢) 9.8 m/s; d) 13.1 m/s; e)

16.5 m/s. The following conclusions can be drawn from an analysis of these
photographs.
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1. The lemgth of the section of transition to turbulence increases with increas-
ing veloeity ratio m. :

2. Flow typical of that in a wake arises at m close to unity.

3. Perturbations of single wavelength develop on the transition section. Tlow
on the transition section is three~-dimensional.

4. An abrupt increase in amplitude of the perturbation accompanied by doubling of
wavelength can be observed on the transition section.

5. In our experiments we failed to get any appreciable length of transition sec-
tion at m<O.b.

It cun also be noted that the length of the transition section increases with a

- reduction in the initial nonuniformities of velocity, i. e. with a reduction in
the boundary layers and the thickness of the edge, and decreases with an increase
in the absolute velocity of the flows.

An investigation of transition to turbulent flow of jets with transverse velocity
chear at the inlet was done with placement of a honeycomb in the central nozzle
wilh variable tube length along the radius. To determine initial flow conditions
the velocity profiles were measured at & distance of 5 mm from the nozzle tip.
These measurements showed that the velocity profile set up by the honeyconb
depends on the absolute level of velocities in the case of variation of the flow
conditbions in the tubes of the honeycomb. When the velocity is increased, the
flow becomes turbulent earlier in the central tubes of the honeycomb, the drag

in bLhese tubes increeses aud the velocity profile becomes fuller.

e Y
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For Lhe case of air, the velocity ratio m¥ remained constant and equal to 0.28
with an increase in u; from 10 m/s to 15 m/s, and then rose to 0.65 with an in-
erouse in veloeity to 30 m/s. Throughout the investigated range of helium jet
votoeition (10-50 m/s), flow in all tubes of the honeyconb was laminar, S0 that
the veleoeity profile did not depend on the level of velocity, and ratio m¥* stayed
constant nand approximately equal to 0.28 (Fig. 4). Points 1, 2, 3 correspond to
velooitios up =29, 38, 58 m/s.
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The localized nonuniformities of the velocity profile in the central part of the
hioneycomb can be attributed to irregularity in packing of the tubes.

Measurements of the temperature profile in the helium jet at the nozzle tip
shiowed that the initial thickness of the temperature boundary layer on the outer
wall of the nozzle did not exceed 2 mm. As pointed out above, the width b of
the jet was determined from measurements of the temperature profile.

_ Fig. U shows the way that the dimensionless width of a helium jet n = (b -—do)/x
depends on the velocity ratio m at constant velocity on the axis of the jet
u; =17.6 m/s at a distance x=200 mm from the nozzle tip. The quantity n was
used for convenience of comparison with data on mixing of turbulent jets. The
results show that minimum mixing is observed at m=m¥, i. e. when the velocity
on the boundary of the jet is equal to the velocity of the accompanying flow.
Mixing intensity at m=m* is close to laminar.

Mixing intensity increases at m#m¥. Let us recall that when m<m*, part of the
velocity difference occurs in the tangential discontinuity (Fig. lc). 1In this
case, mixing increases rather abruptly with increasing m. When m> m¥, the
velocity profile on the tip is close to that shown in Fig. 1d. The increase in
mixing intensity in this case is small since the momentum loss takes place in a
light gpas.

208|1- Eam oA f,fjf\ 1
R A ? |

] 00% _-WJ-;varT*- ;7 s -
BN /
o l e 50
| o, ! i /0 rum
190 300 A, 0 7 20
Fig. 6 Fig. 7

Fig. O shows the way that the quantity n depends on the Reynolds number of flow
around the output edges of the central tubes of the honeyconmb at constant
m=m*=0.26 at a distance of x=200 mm from the nozzle tip. Points 1 and 2 corre-
spond to Jets of helium and air. The characteristic velocity used in the Reynolds
number is the average velocity in a tube of the honeycomb, and the characteristic
dimension is the diameter of a bar in an equivalent grating with mesh size equal
to the tube diameter, and with porosity equal to that of the honeycomb. Thus the
given Reynolds number is defined as

03
u My 4 —
vy Py

- g =

ffor a given construction of the working section, this Reynolds number is propor-
- tional to the velocity on the axis of the jet. On Fig. 6 we can distinguish

three characteristic regions of Reynolds number behavior. In the range Ry <70,

mixing is close to laminar, and the width of the mixing zone increases as the
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velocity decreases, which is what should be observed in laminar mixing. Experi-
mental data in this region are not given since the measured width of the mixing
zone is small, and we can only draw a qualitative conclusion on the behavior of
the width of the jJet. In the region T0<R; <200 the width of the mixing zone
increases with increasing Reynolds number, i. e, with increasing velocity. At
Ry > 200 the mixing intensity is already considerably greater than the molecular
level, and it increases weakly with increasing Reynolds number. This same figure
gives the results of measurement of the width of a jet of air in an accompanying
flow of air. Thus the behavior of the Reynolds number was determined both by the
change in velocity and by the change in type of gas. The data obtained in the
two cases are in agreement. It can be assumed that a change of mixing intensity
is due to the conditions of flow around the end face of the honeycomb. At R; <70
the mode of flow around the end face is nearly laminar over the entire cross sec-
tion, und when the number R; increases the turbulent flow around the edge, aris-
ing initially in the center, gradually spreads over the entire cross section,
after which the mixing intensity increases weakly with a further increase in the
number R;. It should be noted that in messurements at other distances from the
nozzle tip the curves shown in Fig. 5 and 6 may have another shape.

Fig. T shows the temperature profile in a helium Jet in an accompanying flow of
air at m=m* at a distance of 200 mm from the nozzle tip and at a velncity on the
jet axis of u; =11 m/s. A distinguishing feature of this profile is the presence
of temperature peaks in the mixing zone: the maximum temperature in the mixing
zone is three or four degress higher than the temperature on the axis of the jet.
This may be due to a diffusion heat effect that is observed upon molecular mixing
of helium with air [Ref. 6].

Fig. 8 and 9 show photographs [not reproduced] of a helium jet in an accompanying
flow of air at a velocity on the jet axis of uy=11.1 m/s, and at different
values of m at distances from the nozzle tip of 0<x<180 mm and 200 < x< 400 mm.
1n photographing the jet at distances of 200 < x<400 mm, an extension was in-
stalled on the working section with length of 198 mm. Photographs a, b, ¢, d, e
on Wig. 8 correspond to the values of the parameter m=0.1, 0.2, 0.3, 0.4, 0.6.
On Tig. 9, photographs a, b, ¢, 4 correspond to values of the parameter for
m=0.2, 0.3, 0.4, 0.6. Analysis of the photographs shows that at m=m* flow is
close to laminar right up to 400 mm from the tip, although initially weak ordered
perturbations &re observed that damp out downstream. These perturbations are
apparently irom flow around the edge of the nozzle. At m> m*, regular periodic
perturbations arise that are typical of flow in a wake at low Reynoles numbers R.
These perturbations develop lengthwise, but do not lead to appreciable widening
of the jet. At m<m* a transition can be seen to turbulence at distances x? 300
mm from the tip. Motion picture photography shows that the point of loss of sta-
bility fluctuates over a wide range.

Analysis of photographs made at high velocities shows that the transition to
turbulence at m<m¥ takes place mich faster. This can be attributed to an increase
in the velocity break on the boundary with increasing velocity and at constant m.
At m=m¥*, the increase in velocity leads to irregular perturbations close to the
nozzle, although the intensity of mixing still differs strongly from the intensity
typical of turbulent jets.

The given experimental data show that the length of the section of transition to
turbulent flow in Jjets with initial profile with velocity shear and at a low level
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of initial perturbations increases as compared with jets with tangential velocity
discontinuity. In this case, the mixing level is close to laminar. The results
are rather unexpected since according to linear theory such flows are unstable,
and in experiments one usually observes a rapid loss of stability and a transi-
tion to turbulent flow. In the given study the Reynolds number defined with
respect to the diameter of the jet and velocity difference is about 5000. Prob-
ably the Reynolds number defined with respect to the width of the shear layer
cannot characterize the stability of such a flow since turbulent flow sets in
very rapidly in thin shear layers where the Reynolds number is low.

It can be assumed that elongation of the transition section is due either to
small incremental increases in perturbations within the framework of the linear
theory, or it can be attributed to stability of the secondary periodic flow that
arises according to Landau [Ref. 7] after the amplitude of the primary pertur-
bation reaches a final magnitude.

[t can alco be assumed that with conditions of laminar flow at the inlet, the
ratio of the length of the transition section to the width of the shear layer
does not depend on velocity at a constant ratio of flow velocities. In the given
experiment the velocity at which transition to turbulent flow due to instability
to long-wave perturbations is not distorted by initial turbulence is apparently
determined by the conditions of flow around the end face of the honeycomb. A
reduction in the diameter and wall thickness of the tubes in the honeycomd should
increase the range of velocities at which there is an increase in the length of
the section of transition to turbulence. In setting up the Reynolds number of
flow around the end face of the honeycomb, consideration should be taken of the
nonuni formity of velocity in the channel.

The authors thank V. M. Iyevlev for assistance and continued interest in the work.
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TURBULENT FLOW OF A CONDUCTIVE FLUID IN A LONGITUDINAL MAGNETIC FIELD

- Moscow IZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 1,
1970 pp 10-17

[Article by D. S. Kowner and V. G, Lushchik, Moscow]

[Text] The use of equations for the Reynolds stress tensor
(equations of turbulence energy balance) that are closed by
semi-empirical relations has been useful in the investigation
of flows with transverse shear in conventional hydrodynamics
[Ref. 1, 2, T].

In magnetohydrodynamics the equations for the Reynolds stress
tensor are supplemented by terms that account for the influ-~
ence of the magnetic field on turbulence characteristics for
which the semi-empirical representation is inconvenient because
of the limited nature of the experimental meterial.

Nevertheless, attempts have been made [Ref. 3, 4] at construct-
ing a semli-empirical theory of turbulence based on equations

for the Reynolds stress tensor in the case of flow of a con-
ductive fluid in a longitudinal magnetic field, where the effect
of the field is accounted for by terms that describe the Joule
dissipation of turbulence energy for which the corresponding
representations are taken.

In this paper, following Ref. 3, 4, a hypothesis is formulated
in its turn relative to the term that describes Joule dissi-
pation of turbulence energy, which has a simple physical meaning
and accounts for the change in structure of turbulence of the
flow in a magnetic field. Using the assumed hypothesis together

- with the known Rotta relations [Ref. 2] for the other terms in
the equation of the Reynolds stress tensor yields an expression
for turbulent flow that is analogous to the well known Prandtl
relation, differing only in the coefficient that accounts for
the magnetic field.
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1. In the Navier-Stokes equationsl

oU; aUs 1 oP 02U 1 .
ik —— e —— — ' 4+ - X i=1,2,3 (1.1)
at + U Oz, p dz; v dxy Izy + o} o ( )

the volumetric density of external forces Xi in the case of motion of an elec-
trically conductive fluid in a magnetic field has the well known form

X = eirJ:B,: (1.2)

- Here €;.,.g is a completely antisymmetric tensor of third rank, while J,. and Bg are
components of the vectors of induced electric current and magnetic field induc-

tion respectively.

Representing the individual values of the fields of the corresponding quantities
appearing in the Navier-Stokes equations (1.1) as the sum of the average and
pulsation values. e. g. Ui =Ui +ui, equations (1.1) with consideration of (1.2)
and the equations of continuity for the average and pulsation values can be
written as

5(7( 6u, au{ ai]; a N
—_—t— Uz'—‘ T T \ViUy iun)=
e OF ot + ! dxp +u oxn + dx, (Un+ uam) (1.3)
. 1. c'?P 1 _Op + 6217; Ozu; 1 - — b
— i —— LY . v —_— y
P dxy p dz; 0z, 0z, L dz;, 0z, + P eirs(Jr 1) (Bat-bi)

Then by applying the operation of averaging to the terms of equation (1.3) and
using the Reynolds condition [Ref. 1], we can get equations that are analogous
to the Reynolds equations in ordinary hydrodynamics

_qgt.‘_ + 9 (O + @)=

dzn

1 0P , o°U, +—1—eir,(.7,~Bs+<frbs>)

— -
T p 0z dx) fzr p

From equations (1.3) and (1.4) by a conventional technique (see for example
Ref. 1, 2) we get equations for the Reynolds stress tensor

] . ] al, ol s
T (uqu;) + U e Cuju;) + (ujun) e + Cauyp) Fr =
. 1 ou;  Ouy a a ,
=% <p ( oz, T Tox; )> + axh[v 5, ) — (i) —

- lyere and below it is assumed that the index repeated twice refers to
summation from one to three, e. g.

U, L aus

B Ux . =2U,.

howmi

dzx
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.._.._'1_ . 1. _ aui Ouj
. P <p(6;hu{+6,},u))>] 2v FITE:
+ Cira— [Jr <b u,) + E <ll-j]r> + (]rbaug)] ( L5 )

+ ajrl'—p [-71' <blui> + B, (uijr> + (irbaui>]

iere §;j is the wnit tensor (‘5ij =1 when i=j, and Gij =0 when i#j).

Setting i=J in (1.5) we get the equation of balance of turbulence energy
EJ=<ui>/2 that describes the time change of density of the energy of pulsation

motion
OEv. . OF o0, o 8E 1, . 1 ]
« —_— — —8; u -_—
—5it Ot (uiun) > Ik[v 7o 5 ) 5 x (pu)

_ U () el ) £ B G + Gbad]  (10) o)

01"‘

ALl terms of equation (1.6) have a clear physical meaning. In particular, the
lasl term is the Joule dissipation of turbulence energy due to pulsation motion of
the fluid in a magnetic fieldl.

It iz obvious that equations for the Reynolds stress tensor in form (1.5) cannot
be resolved relative to <ujus> in explicit form. However, this can be done in
certain cases that permit considerable simplifications of equations (1.5).

2. Let us consider analogously to Ref. 3, 4 the steady-state flow of a conductive
fluid in a longitudinal magnetic field in the case where there is equality be-
tween the production and dissipation of turbulence energy with consideration of
ity redistribution along the coordinate axes, i. e. we will disregard convective
and diffusion terms in equations (1.5). As experience shows in the case of
absence of a magnetic field, this takes place in the greater part of the flow in
the Lube [Ref. 5] and in the boundary layer on & flat plate in the absence of a
pressure gradient in the external flow [Ref. 6]. It is further assumed that the

- Reynolds number defined with respect to the pulsation components of flow velocity
is low so that the pulsation component of magnetic field induction can be dis-
regarded as compared with the average induction of the field produced by ex-
ternal sources.

With respect to the terms that describe exchange of energy between pulsations
along the different coordinate axes and viscous dissipation of the energy of
pulsation motion in equations (1.5), we take the assumptions

. A p( i Ou, )> ——k ((uu,)-—b.,[)) (2.1)

I dz; dz.

lSee for example Ref. 1, 2 regarding the physical meaning of the other terms
of equation (1.6).
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proposed by Rottal.

Here k, ¢ and c; are empirical constants, 1 is the scale of pulsation motion,
which is taken as the Prandtl mixing path in the absence of a magnetic field.

With respect to the pulsation component of electric current due to turbulent
motion of a conductive fluid in a magnetic field, we make the following assump-
tion.

Let the structure of turbulent flow be characterized by
eddies that have different scales (mixing paths) along
‘coordinate axes Xj, X2, X3 (Fig. 1), assuming at the
same time that the ratios of the scales are equal to
the respective pulsation velocities

L b (2.3)

Y  Ked V)

implied by estimation of the order of magnitudes in the
Fig. 1 equation of continuity for the pulsation velocities.

The flow 1o considered in a longitudinal magnetic field (i. e. Bp=B3=0, B =B),
and therefore the emf of the induction arises as a consequence of interaction
with the field of the transverse (relative to the magnetic field) components

u, and ugz of the pulsation velocity vector which are taken, as in the case of
absence of a magnetic field, as approximately equal {uy mus, and consequently
1,13 as well according to (2.3)). The pulsation current that shows up in this
way is closed in the longitudinal direction (along the magnetic field) so that
the overall length of the current loop Iy is approximately equal in magnitude to
the length of the vortex loop 2(Z1+12).

The overall emf A¢ that arises in a current loop of length Ly can be represented
in the form

Ap= 2alquaB (2.1)

where o is a coefficient that accounts for the reduction in emf due to the in-
duced pulsation electric field (0<a<l).

The wlectric current caused by this emf in the direction of the magnetic field
flows through = layer of fluid with cross section 1%/4, so that the overall re-
sistance of the loop is equal to

prn =1Ly [ (ola® [ 4&).== 8(ly + 1a) [ ol2?,
and the total current in the loop is

thzAw/pk==aBuﬂfc/4UI+lﬂ

11y should be noted that equation (2.1), which is approximate even in con-
ventional hydrodynamics [Ref. 1] additionally disregards in this case the mag-
netic field dependence of pressure pulsations.
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Here o in the specific conductance of the fluid. Consequently, the current den-
ity in the longitudinal direction with consideration of relations (2.3) takes
the following form:

. In oBu, oBu,
Ji= 5 = qQ =Q ; (;7 f,)
/4 L/l +1 (Cu® /Cu2)) e+ 1
To determine the current density in the transverse direction, the overall current
in the loop must be divided by the area of the cross section through which this
current, flows, i. e.
B . In oBu, o oBu, ¢
~ = = q = a\y 1 .
T T T T bl T ) (B i) (2.6)

Thus in the given case relations (2.1), (2.2), (2.5) and (2.6) close the equa-
tions for the Reynolds stress tensor (1.5) which, in the conventional notation

U=U, m=u uw=v, z==z o=y
take the form

alu k YVE Eh '
() =+ V (<2>—-.— )+v°—‘<”>+—f—=o (2.7)
dy 2 3 |
V -~ i ce (®)
o ,(” B)+v gt
c Eh oB? )
— - =0 2.
Tt WS T (@ (2.8)
}/E (uv) oB? (uv)
2y k y =3 (2-9)
< ) + (uU> + '\C‘ 2 + a p (uz>/<1)2> +(<u2>/<’)2>),”
The Reynolds equation (1.4) in the given case will take the well known form
] d 1dP | @U )
—_— :—-————-—— 2.10)
a7 (uv) . +« 7 (
5. From equations (2.7)-(2.9) we can establish the relation between the Reynolds

stress and the velocity gradient in flow outside of the viscous sublayer, i. e.
divresarding the term that accounts for the direct influence of viscosity on
larpe-seale pulsations in the Rotta relation for viscous dissipation (2.2).

Thus welling ¢ =0 and introducing the coefficient of flow anisotrouy £=<u2>/<v2>
in necordance with Ref. 3, we can get the following relation from (2.7)-(2.9):

dU du (3.1)
dy

) = — Pl*
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where

b= A" [Y1 + (182 — 4.5/]

) 3 12
T+ ) (B (ke — 1)+ Skjc—2] b’ (3.2)
Ay— a . (§(k/c~1)+5k/c—2)”’
E+Eh 3(5+2)

The coefficient, ¥ is a function of the local Stewart number

oB? 1

S= a7y

while & depends implicitly on the local Stewart number

£ th t(k/c—1)—(k/c+2)
T . P3g2[E(kfc—D)—(k/ec+2)]/(E+2)
In order for expression (3.1) for <uv> to become the familiar Prandtl formula in
the case of absence of a magnetic field, we must require that y=1 when S7 =0.

This imposes a certain constraint on the constants k and c, specifically
(£=£p at B=0)

(3.3)

S

12
e e T

(3.4)

On the other hand, from relation (3.3) for £=£(Sz) in the case S =0 we can get

4 second expression for the constants k and c:
folk/c—1) — (k/c+2) =0 (3.5)
e cocfficient, of anisotropy £o in relations (3.4), (3.5) is a new empirical
coustant [Ref. 3] (instead of the former k and c) that has a clear physical
menning:  the ratio of <u?> to <v2> in the absence of influence of viscosity
and mumelic field, under conditions where the generation and dissipation of
turbulcnee energy are in equilibrium.
Phus we ean pet the following expressions for k and ¢ from (3.4) and (3.5):
- . 8 s

k_boF2 k_—_[ ] (3.6)

c B—1 (B4 2)H(B—1)
from which we see that for values of £g=1.5-3 (corresponding to experimental data
[Kef. 5, 61 in the given flow region), k/c=2.5-7. Calculations done in Ref. T
on bhi: distribution of pulsation characteristics of flow in a tube based on

equations (2.7)-(2.9) (at B=0) in the range of k/c =1.6-10 showed that the best
arreement with experimental data is observed at k/e=T.
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With consideration of expressions (3.6) for k and ¢, relations (3.2) and (3.3)
for ¢ and £(57) respectively can be transformed to

=l Ve e el

AE‘
. (3.7)
" _go+2

E+2
B g% £/ 50— 1
@ VE/ST 4/ et DET/ N—2/k)

(3.8)

Fig. 2 shows y=9(S7) for a number of values of
the empirical constant £3. It can be seen that a
change in £y over a range from 1.5 to 3.0 has
little effect on the form of the dependence of Y on
57, which allows us to take a constant value of 2
for &7 in calculations.

With respect to the length of the mixing path that
appears in expression (3.1) for the Reynolds stress,
in the first approximation we take a hypothesis
[Ref. 3] according to which the distribution of the
transverse scale of turbulence l, (corresponding to
- mixing path 1) is taken as independent of the ac-
I'ig. 2 tion of the magnetic field, but dependent on flow
geometry, i. e. 1, =1 is taken just as in the case
of ubsence of a magnetic field, assuming that the size of the energy-carrying
vddies (along axis xp =y) is always proportional to the width of the flow (to the
distance between the walls in the channel, and to the thickness of the boundary
Layor).

Thus with the magnetohydrodynamic analog of the Prandtl hypothesis (3.1) for the
Keynolds stress, we can calculate the average flow.

o As an example, let us consider steady-state flow of a conductive fluid in a
circular Lube of radius r in a longitudinal magnetic field at rather large
Reynolds numbers.
Integrating the Reynolds equation (2.10) from 0 to y/r under condition rly:0= Ty s
and ebbiuge V/Tw/p =y, we get

au - y

—<uu>+v—=u.=(1—_) (h.1)
dy r

Using expressien (3.1) for <uv> and converting to universal coordinates n=yug/v
and ¢ =U/uy, we rewrite equation (k4.1l) as

Pl2RW g2+ ¢ =1 —1n /R, (k.2)

llere the prime denotes the derivative with respect to n, and Ry = ru*/\) is the
Reynolds number defined with respect to dynamic velocity and tube radius.
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e local Stewart number (of which the coefficient y is a function) takes the
following form in universal variables:

N 7\2

= ( 2R.) v

The velocity profile ¢ = #(n) was calculated with the assumption of a two-layer
flow model, i. e. for n<11.7 it was assumed that! ¢'=1-n/Ry, and for 11.7<oSRy
Lhe vilue of ¢' was found from simultaneous solution of equations (4.2), (3.7)

and (3.8) by a method of successive approximations. In doing this, the Prandtl-
Nikuradze formula is taken for the mixing path in equation (4.2)

—l:=0.14—0.08(1—31—‘.)2—0.06(1—1—::—)‘ (4.3)

The cocfficient of hydraulic drag for flow in a tube is equal to A= 8/¢‘8‘, where

Re

2 1—n)¢dn
@o—g‘j( o

[]
and Ry is related to the Reynolds number R=21‘U0/\) by the expression

R= Z(I‘:oRc
Resulte of caleulation of dragAnormalized to the drag Ag in the absence of a
mnetic field as a function of the Hartmann number H are shown on Fig. 3, where
Lhe points also give experimental data from Ref. 8, 9. Points 1, 2, 3, 4, 5,

f,, [ correspond to Reynolds numbers R-10"%=13.86, 7.41, 7.51, 7.85, 8.82, 9.15,
{(L.9-2.1); the broken line corresponds to R= 3.86+10%, the solid line~-to
R=7.85-10%, and the dot-and-dash-line corresponds to R=2-10%.
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Fig. b
Wi, 4 ohows that the results of calculation are in completely satisfactory
aprreoment, with experiment in the given range of Reynolds numbers. However, at

lobviounly the assumption of constant thickness of the viscous sublayer
dAnecn not, tuke consideration of its growth in a longitudinal magnetic field
(since ¢p=0). This may lead to some overestimation of drag at large Hartmann
numbers, but will not qualitatively change the results of calculation.
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1< 2-10%, where the flow generally speaking does not have a well developed tur-
bulence structure, comparison of calculation with experiment showed appreciable
discrepancy (calculation gives overstated values of the drag). Some divergence
is obuerved even at very low Hartmann numbers, where the flow is laminar, just as
at very low Reynolds numbers. This means that accounting for the influence of
o magnetic field on flow of a conductive fluid only via the mechanism of Joule
dissipation of turbulence energy is apparently not sufficient for getting the
passage in the limit to laminar flow, and it is necessary also to account for
the influence of the field on the scale of turbulence. However, the lack of
relinble results of experimental investigation of the turbulence structure in a
mignetic field, and also the lack of a suitable physical model of the influence
of the field on the scale of turbulence prevents us from doing this at present.

In conclusion the authors thank V. M. Iyevlev, I. G. Panevin and S. A. Regirer
for discussing the work and for constructive advice, and also V. B. Levin for
his kindness in furnishing tables of experimental results.
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UDC 532.517.3:532.525.2
TRANSTTION TO TURBULENCE IN SUBMERGED AND ACCOMPANYING JETS

Moscow TZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 4,
1972 pp 148-15k4

[Article by 0. I. Navoznov, A.A. Pavel'yev and A. V. Yatsenko, Moscow ]

[Text] An experimental study was done on transition to turbulent flow in axisym-
metric submerged and accompanying Jjets of helium in air for different velocity
profiles in the initial cross section. The initial velocity profile in the
submerged jets was determined by the boundary layer on the tip end of tubes of

B different lengths. In jets of helium and air in an accompanying air stream, the
initial velocity profile was set up by a honeycomb with hydraulic drag varying
along the radius.

Previous research on transition to turbulence in jets has shown that in the
region of high Reynolds numbers the transition section is small, and the mixing
level on considerable lengths was estimated from relations for the main section
of the flow. However, as the results of Ref. 1 show, this is not always true.
The length of the transition section may be considerably increased if a layer
with smooth change of velocity and a low level of initial perturbations of a
seale much less than the thickness of a layer with velocity shear is artificially
set up on the boundary of accomapnying jets with considerably different veloci-
ties. In these experiments at Reynolds numbers of the order of 5000 (defined
with respect to the diameter of the central jet and the difference in velocities
of a jet of helium uy and accompanying air stream uz), mixing was close to lami-
nar out to distances of about 500 mm from the nozle tip, which was about 20 jet
diameters. ‘The veloecity ratio m= uy/up was 0.25, and the ratio of the thickness
i of tLhe velocity shear layer to the diameter dp of the central jet was 0.25. It
was nlso noted in this peper that development of long-wave perturbations was not
sbserved on the transition section.

The development of long-wave perturbations (as compared with the thickness of

Lhe shear layer) is at the present time the most extensively studied mechanism of
transition to turbulence in free flows with a velocity gradient. This mechanism
ineludes the initial stage of development of sinusoidal perturbations from the
poini, where Re 2Reg,. (this stage is described by the linear theory), and also the
nonlinear stage of development of secondary periodic motion with finite amplitude.
A transition mechenism of this kind has been observed in a variety of research,
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in particular Fig. 3a, b of Ref. 1 show photographs of a helium jet in an ac-
compunying air flow on which all stages of the transition can be clearly seen.
Several papers have dealt with theoretical analysis of the stability of free
Mows [Ref. 2, 3]; however, the currently existing theories do not permit de-
Lerminabion of the length of the seetion of transition to turbulent flow, which
is maude up of linear and nonlinear stages of development of perturbations. There
has been very little experimental research on the way that the length of the
transition section depends on flow parameters. In particular, recent papers
[Ref. 4, 5] have investigated the transition to turbulent flow of submerged jets
discharged from long tubes and nozzles with a laminar or turbulent boundary layer
produced on the walls. The authors of Ref. L4 determined the way that the ratio
of the length x* of the transition section to the thickness §¥¥* of loss of
momentum in the boundary layer on the end face of the tube depends on the
Reynolds number constructed with respect to pipe diameter. It is concluded from
the resultant data that this ratio is independent of viscosity, and is determined
only by the flow regime in the boundary layer. However, it would be more correct
- to define the Reynolds number with respect to the characteristic thickness of the
layer with velocity shear, i. e. Re*¥ =u8*¥/y., When processing the results of
measurements in such coordinates, the dimensionless length of the transition
section x; =x¥/8*¥* increases as Re¥¥* decreases. It is noted in this same paper
that the iength of the transition section is maximum at equal densities of the
ambient medium and the jet, and for accompanying jets it increases with an in-
creasc in velocity ratio m. In Ref. 5, where an investigation was made of the
transition to turbulent flow of submerged jets discharged from a tube with length
of about 100 diameters, no data are given on the initial velocity profile. The
length of the transition section was determined from the abrupt increase in longi-
tudinal velocity pulsations on the axis of the jet. It is stated on the basis of
the resultant data that over a wide range of variation in the Reynolds number
defined with respect to the flow parameters on the end face of the pipe, there is
Little change in the Reynolds number constructed with respect to the length of
the transition section determined by the method indicated above, and with respect
to the local velocity on the axis of the jet. This implies that the length of the
transition section at constant velocity on the end face of the pipedoes not depend
on the initial form of the velocity profile or on pipe diameter.

N Analysis of recent research shows that the available data are contradictory and
inadequate for determining the way that the length of the transition section
depends on such flow parameters as viscosity, the form of the initial velocity
profile, the level of initial perturbations, the ratio of densities of the mixing
Jets and so on.

1. [n this paper an experimental study was done on transition to turbulent flow
of submerged and accompanying axisymmetric jets. A layer with velocity shear on
the boundary of the central jet in the study of accompanying flows was set up by
a honeycomb installed in the central nozzle, and in the case of submerged jets
discharged from a pipe, velocity shear was created by a boundary layer increasing
lengthwise in the tube. The system of controlling parameters for experiments with
accompanying jets is given in Ref. 1. The experiments described below were done
at ocquel velocities on the boundary of the central jet and in the accompanying
flow, i. e. at m¥=m=0.25. Certain parameters that characterize the form of the
velocity profile must be added to those mentioned in Ref. 1. In the given ex-
periments with accompanying jets, the form of the profile was not varied.
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In the experiments with submerged jets discharged from-a pipe, the following were
the controlling parameters: M, y--mesh size and porosity of the screen; dp, 1--
diameter and length of the pipe; 03, p2 and vy, vo--densities and kinematic vis-
cosities of gases in the jet and in the ambient atmosphere respectively; u--mean
velocity of the gas in the pipe. From these quantities and the length of the
transition section we can make up six independent dimensionless parameters:

The second and third of these characterize the scale and level of the initial
perturbations in the flow, and the others characterize respectively the thick-
nesses of the boundary layers and the ratios of the lengths of the transition
section and tube diameter to the thicknesses of the boundary layers.

A detailed description of the working section for studying accompanying jets with
velocity shear is given with a diagram in Ref. 1. The main parameters of the
working section are as follows: diameter of the central nozzle dp =28 mm, diam-
eter of the accompanying flow is 120 mm. The central nozzle is held in the pipe
on two pylons. A fine screen with mesh M=0.1 mm is installed in the accompanying
flow at a distance of T mm from the nozzle tip. The prosity of the screen is
p=0.35. A profile with velocity shear was set up in the central jet by a honey-
comb made up of pipes of different lengths with outside diameter of 0.75 mm and
wall thickness of 0.05 mm. The pipe length in the central part of the honeycomb
out to a radius of T mm was a constant 19 mm, and from there increased linearly
to 62 mm on the nozzle wall. Thus, just as in Ref. 1, the width of the shear
layer h was 7 mm. Assuming absence of flow between tubes, the porosity of such

a honeycomb is 0.67 with hexagonal packing. Fig. 1 [photo not reproduced] shows
the outlet face of the honeycomb.

In the experiments with submerged jets, the gas was fed to an analogous working
section only through a central nozzle 4O mm in diameter in which a fine screen
was installed with mesh size M=0.276 mm and porosity y=0.,425. Pipes of differ-
ent lengths were fastened to the nozzle in such & way that the distance from the
screen to the end of the pipe was 50, 150 and 500 mm. The wall thickness at the
tip of the pipes with length of 150 and 500 mm was 2 mm, while that of the 50 mm
pipe was 0.2 mm. ‘"he pipe was heat-insulated on the outside.

Profiles of velocities and temperatures were measured in the experiments. To
measure the temperature profile, the working fluid of the jet was heated to
30-50°C, The temperature profiles were measured by a comb of 24 Chromel-Copel
thermocouples. The profiles of velocity heads were measured by a comb of 25
Pitot tubes. The velocity profiles were measured by a sensor with heated tungsten
wire 0.01 mm in diameter and about 4 mm long connected in a bridge circuit. The
flows were also photographed by the IAB-LS1 schlieren camera with exposure of
~107% 5.
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2. In experiments with submerged jets the critical Reynolds number of flow tran-
sition to turbulence in the boundary layer on the tip of the pipe was determined
from the change in form of velocity profile in the boundary layer, and from the
way that its thickness depends on velocity. Shown in Fig. 2 are dimensionless
velocity profiles in the boundary layer on the tip of a tube 500 mm long at
dirferenl Reynolds numbers Rey defined with respect to the average air velocily

in the pipe and with respect to pipe length: Rez=ul/v;. The symbols on Fig. 2
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correspond to the following values of Reg: 1--16,680; 2--10,900; 3--48,500; L—-
U8,500; 5--124,800; 6--170,000; T--179,000; 8--188,000; 9~--212,000; 10--268,000;
11--7306,000; 12-321,000. As can be seen from these data, at Reg =1.88.105 there
is a change in form of the velocity profile in the boundary layer: at lower Reg
the form of the profile is typical of a laminar boundary layer, while at higher
Rey it is typical of a turbulent boundary layer. The velocity profiles found in
the laminar boundary layer agree within 10% with Nikuradze's data for the initial
flow section in a pipe [Ref. 6]. Fig. 3 shows the relative thickness of the
boundary layer 8§y =068/dy as a function of the Reynolds number Rey plotted from
the above-mentioned velocity profiles. The thickness of the boundary layer was
determined with respect to the coordinate of the point in the boundary layer
where the velocity differed by 3% from the maximum in the pipe. An abrupt in-
crease in the boundary layer also occurs at Rezlgl.BFlOS. This was the figure
taken in our experiments as the Reynolds number of transition to turbulent flow
in the boundary layer.

In the course of the experiments, photographs were taken of submerged jets of
heliumand air discharged into quiet air with different velocities from pipes 50,
150 and 500 mm long. In all experiments, the average velocity u of the flow in
the pipe was measured, and for the 500 mm tube the veloeity profiles on the tip
were also measured. Fig. 4 shows photographs [not reproduced] of jets of air
(top row) and helium (bottom row) discharged from a pipe 500 mm long at the same
Reynolds numbers Rey. The numbers Rey and average velocities of discharge u of
air and helium in m/s are respectively equal to: a--0.225+10°, 0.75, 5.L0; b--
0.455.10%, 1.5, 11.0; c--0.76+10%, 2.5, 17.6; d--0.45-10°, 8.0, 57.6. The length
of the transition section was taken as the distance from the tip of the pipe to
the cross section (indicated by the dot at the left of the photos) where the jet
was maximully constricted after the first vortex ring. As can be seen from these
photos, the length of the section of transition to turbulence for jets of helium
and air decreases with increasing discharge velocity. Turbulent pulsations for
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Jets of air and helium from the very tip of the pipe are observed at approximate-
ly the same Reynolds number Rey equal to 1.8'105, which corresponds to a change
in flow conditions in the boundary layer. At the same Reynolds numbers, the
lenpth of the tlransition section for Jets of air is several times longer than for
jets ot helium. The spread in lengths of transition gsections determined from
seven photographs of air jets discharged from a pipe 500 mm long at velocity

u=2.95 m/s was about 10%. - o
%
Fig. Y shows the dimensionless length of the o
transition section for submerged jets of air °
_ (white symbols) and helium (black symbols) as o5
a function of /ﬁgz. Points 1, 2, 3 refer to °
the longths of transition sections found on él
pipes of lengths 50, 150 and 500 mm resepc- — o
tively. The data show how the ratio of the o
length of the transition section to the char- . o b
acteristic dimension of the zone with velocity
gradient depends on the Reynolds number con- .
structed with respect to this same dimension. e . Rg
The greatest imprecision in determining the n 0 * 0 :
Llength of the transition section could have .
occurred at jet velocities of less than 1 m/s Fig. 5
and at short lengths of the transition section
itself. Nevertheless, Fig. 5 gives the data of all experiments that were done.
The use of pipes of different lengths enabled determination of the dimensionless
length of the transition section at jdentical Reynolds nunbers Reg, with respect
to different parameters 8y characterizing the ratio of the thickness 8 of the
boundary layer to pipe diameter dg. The coincidence of xj at different 8y shows
that in the given experiments the length of the transition section does not depend
N on §g at 8§3<0.25. Besides, the coincidence of xj at the same numbers Re; and at
different distances from the screen to the tip of the tube shows that initial
perturbations on the screen did not affect the length of the transition section
since these perturbations decrease with increasing distance from the screen. The
results shown in Fig. 5 imply that the dimensionless length xj of the transition
section increases with decreasing Reynolds number Rel, a strong increase being
observed both for air and helium jets, beginning with the same value of Rez§150.

—

v e
apbo
Lata™~

Al the data presented above were obtained for laminar flow of the boundary layer
on Lhe tip of the pipe. In the case of a turbulent boundary layer on the tip,
long-wave perturbations are observed in the jet against a background of small-
senle turbulence (see Fig. bd), even to considerable distances from the tip.

- It can be noted that such a jet flares much more slowly than in the case of well
developed turbulence in the jet after the transition section (see Fig. he).

3. In studying the transition to turbulent flow in accompanying jets, the above-
descerited honeycomb was placed in the central nozzle. The working section was
set up vertically, and flow was from the top downwards. Fig. 6 shows dimension-
less veloeity profiles in a central jet of helium measured at a distance of 5 mm
from Lhe nozzle tip. Points 1, 2, 3 correspond to velocities in the central part
of the honeycomb of u; =28.0, 39.7, 56.1 m/s. Throughout the investigated range
of velocities uj, the flow in tubes of the honeycomb remained laminar with the
discharge of helium [Ref. 1], and as a result the dimensionless velocity profiles
are similar for different velocities uj. The velocity ratio m* on the boundary
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of the jet (u%) and in the central part of the homeycomb (uj)

- . remained constant at approximately 0.2-0.25. In all the ex-
X 53‘-éh;£ periments described below, unless specifically stipulated, the
oo ;; ratio of velocities of the accompanying flow (up) and of the
A Y central Jjet is taken as constant at m=m¥*=0.25.
A -—10.8

o

Shown in Fig. Ta, b, ¢, d, e [photos not reproduced] are
photographs of a helium jet at different velocities u; of the
accompanying flow of air at a constant velocity ratio of
? m=m¥=0.25. The velocities u; on the axis of the helium j~*
are equal to 7.0, 9.0, 10.0, 12.2 and 18.2 m/s. The dots to

0.y o0 the left indicate the cross sections of the jet where dis-
%° o ordered perturbations arise on its surface. The distances
[ 9
l

to these points were subsequently taken as the length of the
transition section. The scale on the jet axis is laid off to
the right of the photos. The photographs were taken at the
/% tip of extension sections with diameter equal to that of the

n U !0 accompanying flow in the initial cross section. In photo-
graphing the jets up to a velocity of uy; =10 m/s, extension
Fig. 6 sections were used with length of 100 and 200 mm, while only

the 200 mm extensions were used at higher velocities.

[t is clear from these photographs that as the velocity of the central jet u; in-
creases from 7.0 to 10 m/s, there is an increase in the length of the transition
section, and then a reduction as the velocity is increased further. At a veloci-
ty of uy =50 m/s turbulent flow is observed from the very tip of the nozzle. At
such a velocity, flow around the edges of the outlet face of the honeycomb is
turbulent over the entire stream. At velocities uj;> 10 m/s, periodic perturba-
tions appear on the surface of the jet close to the nozzle that are apparently

due to flow around the edge of the nozzle. At lower velocities, these perturba-
tions are quenched, and at higher velocities they can be seen right up to the
appearance of disordered perturbations. Analysis of the photographs shows a con-
siderable difference in the nature of the transition at velocities higher or

lower than 10 m/s. At velocities higher than 10 m/s, disordered three-dimensional
perturbations suddenly appear on the surface of the jet at a certain distance from
the tip. The scale of these disturbances is less than the width of the velocity
shear layer, and at velocities lower than 10 m/s, long-wave bends are observed on
the surface of the Jjet with an abrupt rise at a distance of one wavelength.

This same figure shows photographs of a jet of air (f) in an accompanying flow of
air at a velocity on the axis of the jet of u; =5 m/s and m=0.25. There are no
periodic perturbations behind the edge in this case since the velocity of the
accompanying air flow is low. With a further reduction in the velocity ujp of the
air jet to 3 m/s, there is an increase in the length of the transition section.

I'iyz. 8 shows a curve obtained from photographic data for the dimensionless length
of the transition section xc==x§/h as a function of the Reynolds number con-
structed with respect to the velocity and viscosity of the central jet and the
thickness of the layer with velocity gradient. Points 1 and 2 refer to jets of
helium in an accompanying air flow at m equal to 0.25 and 0.15 respectively, and
points 3 refer to air jets in an accompanying flow of air at m=0.25. The curve
has a sharp maximum. The maximum dimensionless length of the transition section
equal to ~80 is observed at Rep 2 800.
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4. Before going on to discuss the results,
let us consider the definitions of length of
the transition section used in this paper and
by other researchers. 1In different papers,
this length is defined with respect to differ-
ent flow characteristics, and accordingly by
o lo Ren different methods: with respect to downstream
g 7 T pulsations of velocity or distributions of
: average values, or with respect to changes in
Fig. 8 the flow structure observed with visualization
of the stream. For example, in Ref. 8 measure-
ments were made of the longitudinal velocity pulsations along the jet, and the
section of exponential increase in these pulsations was taken as the length of
the transition section: the end of this section coincided with the beginning of
an abrupt increase in the size of the jet b determined from the point of the
velocity profile at which the velocity was equal to half the velocity on the
axis of the Jet. In Ref. 9 the length of the transition section determined only
from photographs of the jet was taken as the distance from the nozzle tip to the
point at which long-wave bends of the surface begin to twist, forming vortex
rings. In Ref. 4 this length was determined from the length of the section of
exponential increase in the meximum of pulsations in the mixing boundary layer
of the jet. Thus in all these papers the length of the transition section was
taken as only that part characterized by an exponential growth of initial pertur-
bations in the flow and corresponding to the approximate beginning of formation
of vortex rings. In the authors' experiménts with submerged jets, the length of
the transition section x* was taken as the distance from the nozzle tip to the
minimum cross section of the jet beyond the first vortex ring (indicated by the
dots to the left of the photographs). This distance is approximately 30% greater
than the distance at which abrupt flaring of the jet is observed as determined
from measurements of the temperature profiles. In experiments with accompanying
jets the length of the transition section was taken as the distance x¥ from the
nozzle tip to the point of appearance of disordered three-dimentional perturba-
tions on the surface of the jet.

w

Comparison of the relations for relative lengths of transition sections in sub-
merged and accompanying jets of helium given on Fig. 5 and Fig. 8 shows a con-
siderable difference in the form of these relations: in the case of submerged
Jets the length of the transition section decreases monotonically with increasing
Reynolds number, whereas in the case of accompanying Jjets there is a sharp maximum
at o cortain value of the Reynolds number Rey.

In comparing these data, the characteristic thickness of the layer with velocity
rradient in the submerged jets was taken as the part of the thickness of the
boundary layer on the tip of the pipe § with high gradients of the average veloci-
ty approximately equal to 3.5/Lvi/u. Assuming likewise that in accompanying jets
the Lenglh of the transition section increases with increasing m in proportion to
(1+m)/(1L-m), we find that in the given experiments the maximum length of the
Lransition section in accompanying Jjets is approximately an order greater than

in submerged jets. For a given construction of the honeycomb, the maximum length
of the trancition section in accompanying jets Was realized at Rep, =800. In sub-
merged jets this corresponds approximately to vyRey =230. At Reh<<Rehm the differ-
ence in lenpths of the transition section in sudmerged and accompanying Jjets
decreases, and at low Rep we see quantities of the same order of magnitude. When
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- Rey, > Reppy this difference also decreases, but nevertheless remains appreciable
over the investigated range of Rey. In accompanying jets with a honeycomb, the
low structure upon transition to turbulent flow when Rey > Repp differs consider-
nbly from the the transition structures in these jets at Rey <Repp and in sub-
merged jets. In the first case the transition is not preceded by the development
of long-wave perturbations, and at different distances from the nozzle tip, dis-
ordered perturbations appear on the surface of the jets with a scale less than
thie thickness of the layer with velocity shear. In the second case the tran-

- sition is realized by the development of long-wave perturbations. If we consider
; in addition that the length of the transition section in accompanying Jets at
Rey, > Rey,, depends weskly on the velocity ratio m when m<m* (data are not given
in the paper) and on the density ratio (see Fig. 8), then it can be assumed that
in this case the transition to turbulent flow is due to development in the cen-
tral jet of small-scale initial turbulence that arises with flow around the out-
let Tace of the honeycomb. The weak development of long-wave perturbations is
apparently determined by an increase in the effective viscosity of the flow due
to the presence of small-scale turbulence. The appearance of the maximum on

Fig. 8 is determined by the interaction of these two transition mechanisms
pointed out above. .The influence of initial turbulence on wave motion in turbu-
lent shear flows of different types was accounted for by Reynolds through the
introduction of effective viscosity in calculations of the stability of these
flows in the linear approximation [Ref. T].

A comparison of the results found in this paper for submerged jets of air in the
cace of a laminar boundary layer on the tip of the pipe with the data of Ref. 1
and  shows that the gquantitative difference in lengths of transition sections
does not cxceed 30-40%. Such agreement can be considered satisfactory consider-
ing the differences in the techniques used for determining the lengths of the
trancition sections. However, on the basis of the data given in TFig. 5 it is
clear that the conclusion of Ref. L4 that the dimensionless length of the tran-
sition section is independent of Reynolds number in the case of a laminar boun-
dary layer on the tip of the pipe is not confirmed. The same can be said of the
conclusion of Ref. 5 that there is a critical transition Reynolds number defined
with respect to the length of the transition section and the local velocity on
the axis of the Jet.

The: authors thank V. M. lyevlev for assistance and for discussing the results.
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UDC 532.517.4:538.4
MIXING OF ACCOMPANYING JETS IN A LONGITUDINAL MAGNETIC FIELD

Moscow [ZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 5,
1972 pp 33-bk

[Article by B. N. Baushev, Ye. Yu. Krasil'nikov, V. G. Lushchik and I. G. Panevin,
Moscow |

[Text] The paper gives the results of measurement of the
velocity profiles on the initial mixing section of accompany-
ing turbulent jets of electrically conductive fluid in a
longitudinal magnetic field. It is shown that the magnetic
field has a considerable effect on jet flow: it constricts
the width of the mixing zone and increases the length of the
initial section as compared with the case of absence of a mag-
netic field. The results show that the velocity profiles in
the mixing layer with flow in a longitudinal magnetic field
are self-similar.

- On the basis of the experimental data the authors determine the
function ¥ that accounts for the influence of the magnetic field
in the expression for turbulent friction stress. The width of
the mixing zone in flow on the initial section of accompanying
Jets in & longitudinal magnetic field is calculated using the
relation derived for ¥. The results of the calculation are com-
pared with experimental data.

I. fu the case of turbulent flow in a longitudinal (relative to the direction of
averape motion) magnetic field, the equation of motion lacks a term that de-
seribes the interaction of the average motion with the magnetic field (the
so-called flartmann effect), which is much greater than the term that accounts for
turbulent friction, even in the case of a weak magnetic field. In this connec-
tion iL is important to take appropriate consideration of the influence that the
field has on the characteristics of pulsation motion, and especially on the
turbulent friction stress 1, for correct qualitative and quantitative description
of flow in a Jlongitudinal magnetic field.

In the peneral case of turbulent flow with shear in a magnetic field, the quanti-
ty 1, being a function of the local characteristics of the flow and the magnetic
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ficld, can be represented as a product of two functions. One of these is the
turbulent friction (Tg) in accordance with some hypothesis of turbulence in the
absence of a magnetic field, and the other (¥) accounts for the influence of the
magnetic field.

Dimensional considerations imply that upon flow of an electrically conductive
rluid (with coefficient of electrical conductivity o) with transverse velocity
gradient (3U/3y) in a magnetic field (with induction B) in the case of local
equilibrium between the production and dissipation of turbulence energy without
the direct influence of viscosity on turbulent pulsations, the function Y may
depend only on a single dimensionless parameter--the criterion of local inter-
action (the local Stewart number) S7 [Ref. 1].

Thus

=¥ (S)1 ‘ (S,=£?(%q)—f) (1.1)

[t is obvious in this case that the form of the function W(SZ) will be different
for magnetic fields with different orientations.

The Lheoretical investigation of turbulent flow of an electrically conductive
fluid in a longitudinal magnetic field has been fairly well covered [see for
example Ret'. 2]. Most of this research has dealt with a wall boundary layer
with meneralization to flow in pipes and channels, and only a few papers have
studied the jet boundary layer directly. To determine the form of the function
W(SZ), studies dealing with flow near the wall are of interest in addition to
dircel investigations of the jet flows since it is always possible in the wall
boundary layer to distinguish a flow region far from the solid surface where the
turbulent friction, just as in the free boundary layer, is much higher than
molecular friction.

Fig. 1 shows curves for the function ¥(S7) plotted
(or taken intact) from the following papers: 1l--
curve 1 corresponds to the function ¥(Sy) from
Ref. 3, U; 2--from Ref. 3, 6; 3--from Ref. T; b
from Ref. 8; 5--from Ref. 9; 6--from Ref. 10; T--
from Ref. 11; 8--from Ref. 12.

As can be seen from Fig. 1, most of these curves
for W(Sz) do not agree, although we can notice
that the results of Ref. 8 and 11 (curves 4 and T)
in which consideration is taken of the change in
turbulence structure with flow in a magnetic field
are close to each other. The model used in these

5.0 papers of turbulence anisotropy with preferred
orientation of vortices along the magnetic field,
fig. 1 as will be shown below, enables a satisfactory
explanation of the experimental data on flow in
the initial section of mixing of accompanying jets.

Considerahle research has been devoted to the experimental study of jet flows in
ordinary hydrodynamics (for example an extensive bibliography is given in
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Ref. 13, 1h4). Much less study has been done on jet flows in a magnetic field.
There have been studies [see Ref. 2] of the averaged characteristics of jet flow
of a conductive fluid in a confined space in a transverse magnetic field. How-
ever, it is difficult to extract information from these papers on the influence
o Lhe mgmetic fleld on turbulence since the fleld has an appreciable effect on
Lhiee nverngne Flow.  Thepeefore nn Investipation of alxing of axlaymnetric Jotn in
o longitudinal magnetic fileld can apparently yield much more information on the
influence that the field has on free turbulence.

There have been only three papers dealing with the experimental investigation of
mixing of accompanying jets of conductive fluid in a longitudinal magnetic field
[Ref. 15-17], where studies were done on flow in the main section of mixing of a
submerged jet and a jet in an accompanying flow. The results obtained in Ref.
16 and 17 on measurement of velocity profiles show slower expansion of the jet
than in the case of absence of a magnetic field, which is a consequence of a re-
duction of turbulence intensity with flow in a magnetic field!. The latter has
been directly confirmed by data of heat-loss anemometer experiments [Ref. 16].

Our paper is devoted to the study of flow of an electrically conductive fluid in
a mixing layer on the initial section of accompanying jets in a longitudinal mag-
netic field which, as far as we know, has not been done previously.

2. The Working Section and Method of Conducting the Experiments. Mixing of ac-
companying jets was studied on a facility with a liquid metal loop described in
Ref 18.  The conductive fluid was an alloy consisting of 67% gallium, 20.5%
indium and 12.5% tin by weight with melting point of 10.6°C.

145635 7 8 2 9w
[/ / [/

Fig. 2

The accompanying jets were formed and their mixing was studied on the working
section diagrammed in Fig. 2. The central jet I was discharged from nozzle 1,
‘100 mm long and 40 mm in diameter with edge thickness of no more than 0.1 mm.
The outer surface of the nozzle at a distance of 110 mm from the tip was made in
the form of a conc with half-angle of 2°30'. The nozzle was centered relative to

lihe yesulte of Ref. 15 were obtained at very low values of the interaction
parameter (Stewart number 5 210-2-10-3)and consequently, as was to be expected,
no appreciable effect of the longitudinal field was observed on jet flow.
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experimental section 2, 1100 mm long and 100 mm in diameter, by means of screws 3
on the inlet section 4 of the accompanying flow.

The liquid metal was fed into the cavity of accompanying flow II through a dis-
tribution header 5 and a perforated plate 6, which were conducive to equalizing
the flow velocity over the cross section of the cavity. The liquid metal then
passed through Vitoshinskiy nozzle 7 pressed against [experimental section] 2,
and through honeycomb 8 with porosity of 0.234 in the form of a disk 6 mm thick
drilled with holes 3 mm in diameter at the intersections of a rectangular grid
with spacing of 5.5 mm, and entered the experimental section of the working part.
The experimental section in which mixing of the accompanying Jets took place had
five static pressure hoops situated 100 mm apart (6 orifices 0.5 mm in diameter
in each hoop). In the outlet section 9 of the working part, 870 mm in- length in
the form of a cone with taper of 20 yas either a coordinate spacer with a probe,

‘ or a unit for longitudinal displacement of a comb of 20 Pitot tubes. The working
section was placed in the cavity of a solenoid 10, 1700 mm long, the flanges of
the section serving as supports to maintain the working section coaxial with the
solenoid. As we can see from the behavior of magnetic field induction shown
along the working section in Fig. 2, mixing of the accompanying jets took place
in a magnetic field that was homogeneous within +1.5%.

The following major parameters were measured in the course of the experiment:

1)volumetric flowrates of liquid metal in the lines of the central jet and the
accompanying flow;

2) static pressure on the wall and its distribution over the diameter of the ex-
perimental section at different distances from the nozzle tips

3) the distribution of total pressure OVer the diameter of the experimental sec-
tion at different distances from the nozzle tip;

4) the current flowing through the solenoid winding;
5) the temperature of the liquid metal in the working section.

Venturi flowmeters were used to measure the volumetric flowrate of the liquid metal
in the main lines of the central jet and accompanying flow.

To measure the distribution of static pressure over the cross section of the ex-
perimental part, a probe was used with a Prandtl tip 1.4 mm in diameter. The
distance from the spherical head of the Prandtl tip to a static pressure hoop

with four orifices 0.3 mm in diameter, which is usually taken in a range of 3-8
tip diameters in the absence of a magnetic field, was increased to 1k diameters

in accordance with results of Ref. 10 for the Stewart number calculated with
respeet, Lo tip diameter, 5<1, due to slower equalization of pressure alonp the
surface of the tip in a longitudinal magnetic field. A special coordinate spacer
wnt uced to shift the probe over the cross section and along the experimental
section. Displacement of the probe along the diameter of the experimental section

wos in the vertical plane. Before dcing the experiments, a special gage was used
Lo calibrate probe displacement in three cross sections chosen for the measure-
ments. ‘Ihe probe and the static pressure hoop on the wall of the experimental

section were connected by tubes to two-fluid piezometers on a pressure board.
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An isolated probe was likewise used to measure the total pressure distribution
with a Pitot tube with diameter of 2x0.25 mm. The outside of the tube, on a

length of 10 mm from the end, was made in the form of a cone (by the method of
electrohydraulic polishing).

In addition, to measure the distribution of total pressure lengthwise of the
experimental section, a comb was used that was made up of 20 Pitot tubes with
diameter of 1.3x0.25 mm. The end of each tube to a length of 15 mm was machined
and polished by the electrohydraulic method, taking the shape of a cone, and the
edge thickness at the tip did not exceed 0.02 mm. All the Pitot tubes were L0
mm long and were set with a predetermined spacing (varied from 4 to 7 mm) on the
two arms of a cross spider (along the diameter of the experimental section) that
was moved along the experimental section (the clearance between the arms of the

- spider and the inside of the experimental section was no more than 0.3 mn). The
distances between the ends of the Pitot tubes were checked before placing the
comb in the working section and after completion of the experiments by a special
gage.

Flow blockages caused by all Pitot tubes, by the spider, and by the connecting
tubing of the Pitot tubes were 0,004, 0.094 and 0.063 respectively. The connect-
ing tubing was led out to the pressure panel carrying the two-fluid piezometers
with direct feed of liquid metal, the light fluid being alcohol or water with
amplification factor of 6.51 and 5.25 respectively.

The temperature of the liquid metal was measured by a Chromel-Copel thermocouple
placed directly at the outlet from the working section. The induction of the
longitudinal magnetic field was determined from the current flowing through the
solenoid winding, which was determined in turn from the voltage drop across a
shunt.

The experiments were done in the following way. An electromagnetic pump and
choke valves were used to set up the necessary flowrate of liquid metal in the
main lines of the central jet and accompanying flows corresponding to a given
velocity ratio m=U,/U; (where U; is the velocity of the central jet and Up is
the velocity of the accompanying flow). Then in the steady state, using a probe
with I'itot tube, measurements were made of the distribution of total pressure
both with and without a magnetic field in several cross sections lengthwise of
the experimental part. In each cross section the measurements were taken first
al B=0 and then at B#0.

It should be noted that special experiments were done beforehand to eliminate
deviations from coaxiality of the accomapnying flows. Static pressure hoops were
used to measure the static pressure on the wall of the experimental section
simultancously with measurement of the total pressure. Analogous experiments
were done wilh a Prandtl-tip probe measuring the distribution of static pressure
over the cross section of the experimental part, all these experiments being done
at the same flow parameters and in the same cross sections.

e technique used in doing experiments in which the total pressure distribution
was measured by a comb of Pitot tubes was no different from that described above.
The coaxiality of the accompanying flows could be judged by comparing the re-

sults of measurements made in mutually perpendicular planes in one cross section.
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According to estimates, the relative maximum errors of measurement of velocity,
volumetric flowrate nnd magnetic field induction are 3.4, 3 and L4.2% respectively.

lu addition, a check was made on the validity of the results of measurement of
the distribution of velocity over the cross section of the experimental part by
comparing the overall volumetric flowrate measured by two Venturi flowmeters with
the volumetric flowrate determined by integrating the resultant velocity profiles.
The divergence of volumetric flowrates determined in this way is less than 5%.

3. Results of the Experiment. Three series of measurements were made for a ve-
locity ratio of m=0.18 and magnetic field inductions of B=0.34% and 0.5 T and
also in the absence of a magnetic field. In series I, a probe with Prandtl and
Pitot tips was used to measure the distributions of static and total pressure on
the diameter of the experimental section in cross sections x/d=2, 5 and 10 (x is
the distance from the nozzle tip, d is the diameter of the nozzle). In series II
and 111, a comb of 20 Pitot tubes was used to measure the distributions of total
pressure in cross sections x/d=1-10 with a step of x/d=2 (series II) and
x/d=1 (control series III).

In all three series of measurements the velocities of the accompanying jets at
fixed m varied slightly from experiment to experiment, being U = 67, 73 and 73 cm/s
and Up =12, 13.5 and 13 cm/s at x=0 on the axis of the central jet and in the
accompanying flow for series I, II and III respectively. The Reynolds numbers
defined with respect to the hydraulic diameters and
average flowrates are respectively Rj = 5.5-]_01+ s

Ry ~1.5+10%, and the Hartmann numbers defined with
respect to the diameter of the nozzle are H =455
and H=6T70 for B=0.34 and 0.5 T respectively. In
the results of experimental research given below,
points 1, 2 and 3, and the broken, dot-dash and solid
curves drawn through them refer to magnetic field
inductions B=0, 0.34 and 0.5 T respectively.

70

Sl

Fig. 3 shows the results of measurements of the dis-
tribution of relative static pressure p° (points)
and velocity in cm/s (lines) with respect to the
radius r (in cm) of the experimental section in
cross sections x/d=2 (Fig. 3a) and x/d=10

(Fig. 3b) obtained at B=0, 0.5 T in measurement
series I. The quantity p° expressed in percent was
defined as the difference between the static pres-
sure P in the flow and the pressure P, on the wall
normalized to the excess velocity head p(Up-Uz)2/2g
(where Up is velocity on the axis of the central

-5.0 . . 0 jet).

50

25

Fig. 3 Fig. 4 shows typical results of measurement of the
profiles of velocity U (in cm/s) with respect to
rading r (in cm) of the experimental section found in the experiments of series I.
It should be noted that in determining the velocity from the difference in values
of the totnl and static pressure at a given point, the static pressure was taken
as constant and equal to the value of the pressure at the wall over the cross
section of the experimental part.
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Of interest from the standpoint of analyzing the results are curves that charac-
terize the change in velocity on the axis of the central jet and the width of
of the zone of mixing of accompanying jets as functions of the longitudinal co-
ordinate and induction of the magnetic field.

Fig. 5 shows the behavior with respect to length x (in em) of the experimental
section on the part of the velocity Uy on the axis of the central jJet normalized
to the corresponding velocity on the nozzle tip Uy (at x=0) for all three series
of measurements.

Fig. § shows the results of measurements of the 10% width of the mixing zone b
(in cm) with respect to the length of the experimental section X (in cm). The
gquantity b was defined as the difference of coordinates of points rgp,1-70,9 at
which the dimensionless excess velocity u®=(U-U3z)/(U; -Uy) is 0.1 and 0.9 re-
spectively. Fig. Ta shows the relations for the boundaries of the mixing zone
y1 and yp (in em) (¥ - y2=Db) reckoned respectively toward the central jet and
the accompanying flow from the x' axis that is the continuation of the edge of
the nozzle in the direction of the x axis (x'=x), and Fig. Tb shows the ratio
of the boundaries of the mixing zone 8=-y2/¥i.
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Before poing on to analysis of the results, let us consider the conditions in the
accompanying flows on the irlet to the experimental section (on the nozzle tip).
[n the central jet on the nozzle tip according to estimates for pipe flow in a
longitudinal magnetic field, the Tlow was obviously turbulent. Actually, in
order for the flow in a nozzle at R§=5.5-10‘+ to be laminar, the Hartmann number
according to Ref. 20 must be 1.8+103, whereas in the experiment it did not
excecd 670. Therefore on the nozzle tip for a length of 700 mm (x/d=17.5, see
Fig. 2) the velocity profile must be close to developed turbulence. This is also
confirmed by the ratio of the velocity Up on the axis of the jet to the average
flowrate <U> which was x1.15 in the experiments, and this is close to the value
Up/<U>=1.25 corresponding to flow in the absence of a magnetic field at
R=5.5-10% [Ref. 21). The level of turbulence in the accompanying flow at

Ry = 1.5+10" is obviously much lower than in the central jet. However, consider-
ing the fac . that the magnetic field drops off beyond the limits of the
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experimental section (see Fig. 2) and the Hartmann number decreases upstream
from the experimental section, we can assume that turbulence in the accompanying
flow wns not completely suppressed. In this connection, the ratio Um/<U>z1.08,
showing the homogeneity of the velocity profile, which does not have time to
develop on the 300 mm length from the honeycomb to the nozzle tip (see Fig. 2).

The thicknesses of the boundary layers estimated on the assumption of turbulent
flow were A1x1.5 cm, Apx1 cm in the central jet and in the accompanying flow
respectively, i. e. the boundary layer on the outside of the nozzle was thinner
than on the inside (4,/4;=0.67).

The cho ' ce of velocity ratio m=0.18 is dictated by the following considerations.

- At low :, the boundedness of the space in which jet mixing occurs may have an
effect, which may lead to the formation of vortex zones due to jet ejection,
considerably distorting the flow pattern and having an effect on measurement
results (which was observed for example in Ref. 16, 17 at mxz0). However, as the
velocity ratio increases, there will be an increase in the effect of the initial
boundary layers. According to experimental data of Ref. 22, the result of this
will be that the width of the mixing zone will cease to depend on the velocity
ratio beginning with m=0.5.

L. Analysis of the Experimental Results. The results of measurements of the dis-
tribution of static pressure (Fig. 3) show that in the absence of a magnetic
ficld the pressure on the cross section in the initial part of the jet (at x/d=2,
FFig. 3a) is practically constant, and equal to the pressure on the wall (p®=0).
At x/d=10 (Fig. 3b) a "dip" of static pressure is observed in the paraxial re-
irion of about 8% on the axis of the jet, which agrees with experimental results
of Bar (7.5%), and Miller and Cummings (7.2%) [Ref. 23] obtained for free jets
(circular and flat respectively) also in the corss section x/d=10.

With tlow in a magnetic field, as can be seen from Fig. 3, there is an increase
of static pressure in the paraxial region and in the zone of mixing of accompany-
inpg jets that reaches 3% of the pressure on the wall (at x/d=10, Fig. 3b) on the
axis of the jet, or 11% of the static pressure on the axis of the jet in the ab-
sence of a magnetic field. The observed effect of pressure increase with flow in
- a maymetic field can be qualitatively explained on the basis of analysis of the
equation of motion in the projection on the transverse axis. Actually, if we
assume that during flow in a magnetic field the pressure gradient is balanced by
- the Lorentz force [Ref. 1]

0P [y = —oBV

then we can see that a positive (due to jet expansion) transverse velocity V cor-
responlds to a negative nressure gradient, i. e. the pressure decreases in the
direction toward the wall. In other words the Lorentz force due to the radial
rate of spreading of the fluid will set up a drag. To overcome this drag, an

exeons pressure must arise in the core of the jet, and this is what was observed
in the experiments. However, the change in static pressure is slight (P-Py, is
of the order of 0.03p(Up-Uy)2/2g or less). This gives a basis in determining

the velocity of flow in a magnetic field (with more right than at B=0) to con-
51der the static pressure constant over the cross section and equal to the pres-
sure on Lhe wall.
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- The results of velocity profile measurements (Fig. 4) show that upon application
0¥ a magnetic field the blurring of the velocity profile decreases, and the range
of the jet increases. Actually, the velocity Up on the jet axis (see Fig. 5)
damps out less intensively with increasing magnetic field induction, and the
length of the initial section within the limits of which Up remains constant
(Uy=U;) increases by a factor of about 1.7 at B=0.5 T as compared with the case
i} of absence of any magnetic field (from x/dxL4 to x/d= 7). It should be noted
that when B=0 the results of the measurements agree with the data of A. S.
Ginevskiy et al. [Ref. 1L47] (points 4 on Fig. 5) obtained at m=0 for a jet in an
unbounded space. This shows that the flow characteristics on the transitional
and main sections are influenced by the boundedness of the space in which the
mixing occurs. Thus the results of measurements beyond the limits of the
initial section (both at B=0, and apparently when B#0 as well), should be taken
as qualitative rather than quantitative.

Analysis of experimental data on the width of the mixing zone (Fig. 6) shows

that in the absence of a magnetic field the experimental points fit nicely on a
straight line b =8 +kx, where 6 =0.65 cm is the conditional initial width of the
mixine layer, k=0.025 is an empirical constant (the coefficient of expansion of
the mixing layer). The resultant value of k agrees with the value (k=0.107) de-
fermined from the experiment of Lipmann and Laufer (see Ref. 14) for submerged jet

with consideration of a correction for m=0.18 in accordance with the relation
proposed by G. M. Abramovich [Ref. 13]. With an increase in magnetic field induc-
tion Lhe function b(x) departs further and further from that corresponding to the
onne of absence of a magnetic field.

Analyiis of the vesults that characterize the change in position of the bqundaries
- of the mixing zone y; and yp, shows the following. It can be seen from Fig. Ta
that in Lhe absence of a magnetic field the experimental points fit on straight
linos 7y =8 k%, ~yp =6 +ky,x with the following values of conditional thick-
nessen & of initial boundary layers and empirical constants k: &, =0.4% cm,
§,=0.29 cm, k, =C.038, k, =0.057. 1In this case the ratio 6,/81 =0.625 was close
to the above-mentioned quantity A,/8, ~0.67 characterizing the ratio of the esti-
mated Lhicknesses of real boundary layers in accompanying flows on the nozzle tip.
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The behavior of 8=-y,/y) shown in Fig. Tb with increasing x approaches the value
0=1.) implicd by the relation k,/k; that is true as x-+®, when we can disregard
the initial boundary layers, the quantity 6=1.5 being close to the calculated
vatue 9= 1.6% [Rer. 1.

Upon application of a magnetic field, tne boundaries of the mixing zone deviate
from the linear relations corresponding to the case of absence of a magnetic
ficld, the deviation for y,(x) being greater than that for yj;(x). There may be
several causes for such an appreciably different influence of a longitudinal
mafmetic field on the change in position of the boundaries of the mixing zone.

Iln particular, it can be assumed that large-scale vortices on the outer boundary
(yz) that cause expansion of the jet (so-called volumetric convection of large
votices [Ref. 23]) are more intensively suppressed by the magnetic field than

the small-scale vortex structure inside the jet. In addition, the magnetic field
it apparently conducive to reduced "suction" from the accompanying flow into the
central jet, which according to Ref. 1 may lead to a reduction in the value of 6
that characterizes the degree of symmetry of the mixing zone relative to the edge
of the no.zle. We may take as confirmation of the latter the fact that the
measured value of the static pressure gradient (see Fig. 3) in the mixing zone
was quite unappreciable. In one way or another the results show that the magnetic
field tends to maintain the initial inhomogeneity existing in the flow as boun-
dary layers on the nozzle tip in the direction of the magnetic field induction
vector.  'This is confirmed by the fact that when flow takes place in a magnetic
field the function 6(x) goes out to an asymptote that approaches the initial
valuc of 0 (at x=0) as the magnetic field increases.

It is of interest to study the self-similarity of velocity profiles in the zone
of mixing of accompanying jets in a longitudinal magnetic field. To do this, the
velocity profiles were replotted in the following way. The excess velocity u°
was taken as the dimensionless velocity, and the dimensionless coordinate was
taken as n=(r-rq s)/b, where rg_s corresponds to the value of u®=0.5, and
b=rg 1-rg,9. The velocity profiles of measurements of series I (at x/d=2.5
for #=0, 0.34 T and at x/d=5, 10 for B=0.5 T) are shown as plotted in these
coordinates on Fig. 8. Curve A on this figure corresponds to the results of
measurements by G. N. Abramovich, as well as Albertson et al. [Ref. 13] for a
“rec et in the absence of a magnetic field.

The results presented on Fig. 8 show that the velocity profiles in the mixing
laycr with flow in a longitudinal magnetic field are actually self-similar and
arres well with known experimental data that correspond to the case of absence
of A muynetic field. However, upon application of a longitudinal magnetic field
the self-similarity begins at great distances from the edge of the nozzle, which
is probably due to the presence of initial boundary layers whose influence on
mixing in the magnetic field, as indicated above, is more appreciable than in
the aboence of such a field.

Let us note that the following experiment was done to study the possible effect

that cmerpeence from the working section in the inhomogeneous magnetic field of
the suicnoid might have on measurement results. Flow with a homogeneous velocity
profile (U=20 cm/s, mxz 1) was organized at the inlet to the experimental section

and n longitudinal magnetic field with induction B=0.5 T was then applied to
thisz flow. Measurements of velocity profiles in a number of cross sections

67

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400020034-8



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400020034-8
- FOR OFFICIAL USE ONLY

lengthwise of the experimental part revealed no appreciable difference of the
experimentel results with flow in a magnetic field or when no field was present
(out Lo x/d=12). From this we can conclude that upstream propagation of per-
Lurbations [Ref. 19] due to crossing of magnetic lines of force by the elec-
trically conductive fluid at the outlet from the working section up to values

of the interaction parameter defined with respect to the diameter of the ex-
perimental section (D =100 mm), S=65, does not reach the part of the experimen-
tal section where the measurements were made.

Thus the cxperimental data show that a longitudinal magnetic field has a con-
siderable effect on turbulence in a free boundary layer, and may serve as a basis
for checking various semi-empirical theories of free turbulent magnetohydrodynamic
flows and selection of empirical constants.

5. Relation for ¥(S7). The experimental results found above with respect to flow
on the initial section of mixing of accompanying jets enable us to construct the
empirical function ¥(Sz) that accounts for the influence of the magnetic field in
the cxpression for turbulent friction stress (1.1). To do this, the value of y
wus found for each experimental value of the width b of the mixing zone in ac-
cordance with Ref. 1, 11 to give the best agreement between the results of the
calculation and experimental data at a known value of the local Stewart number
(1.1) (see below for a more detailed discussion of calculating the width of the
mixing zone). The local Stewart number in the case of the mixing layer can be
approximated as [Ref. 1]

ol b
Slz$b=T—l§__U- (5.1)

where AU is the velocity difference on the boundaries of the mixing zone b.

The results of such processing of experimental data are shown by points 4 on
Fig., 8. ‘his figure also shows the calculated curve for ¥ from Ref. 11 at a
value of o =0.34 for the empirical constant in the expression for Joule dissi-
pation of turbulence energy, and a coefficient of initial turbulence anisotropy
fg=¢.0. [t should be noted that the expression for ¥ derived in Ref. 11 is
rather cumbersome, and therefore it is more convenient to use the approximate

relation ot Ref. 1

W= 1+ S) (5.2)
which is fairly close to the exact solution for ¥(sz) [Ref. 11] over the entire
ranpe of Stewart numbers. The curve corresponding to relation (5.2) at a value
of 8=0.14 is alsc shown on Fig. 8 (the broken curve) .

Thus, having at our disposal relation (5.2) for ¥, confirmed by experiment
(Fig. 8), we can get the solution of specific problems of a jet turbulent boundary
layer in o longitudinal magnetic field.

for approximate solution we can use the assumption of constancy S7=5p (5.1) and
conseiquently ¥ =W(Sz) as well across the zone of mixing of accompanying jets, and
introduce the new variables propcsed by V. M. Iyevlev [Ref. 8]:

Iy = j‘\ll dII, V' = V/\l! (S R 3)

0
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Then the cquation of motion for a plane boundary layer with consideration of re-
luation (L.1) can be transformed to

ou U 1 9t

Ve ——

ir, dy p dy

U

The resultant equation in variables (xy, y) coincides completely with the equa-
- tion of motion in a free turbulent boundary layer in the case of absence of a
- magnetic field, an equation that has been solved for many cases of practical im-
- portance, so that it remains only to make the transition from the deformed plane
(xy, ¥} to the physical plane (x, y).

In the case of flow on the initial section of a flat or axisymmetric jet, the
dependence of width b of the mixing zone on x; (in the general case of non-zero
initial width 6 =68; +8,) has the known form [Ref. 13]

b=08+k(m)zy (m=U./U,) (5.h4)

where k is the same empirical constant as in the case of absence of a field
[Ref. 13]. Using relations (5.1), (5.3) and (5.4), we can get the relation be-
tween variables x; and x

- 2 L0 4 BSe) + 4RSI — (1 4 fiS0)

x I3 I‘S\

olf* & oB? z
(Sn='——~—' s‘=_—a>

’

p AU p AU

The values of 6§ =0.65 cm and k =0.095 determined on the basis of the experiment
in the case of absence of a magnetic field (B=0, xj = x) were then used to cal-
culate the width of the mixing zone in the case of flow in a magnetic field in
accordance with (5.4), (5.5) at the value of 8=0.14 defined above. The results
of the ealculation are shown in Fig. 6, where the broken, dot-dash and solid
curves refer to magnetic field inductions B=0, 0.34 and 0.5 T, and points 1, 2,
3 are experimental data corresponding to the same values of induction B. As can
b seen, the calevlation is in completely satisfactory agreement with experiment.

[ conclusion it should be noted that the cxpression found in this paper for
turbulent friction ctress can apparently be used not only for calculating Jet
flows, but also for flow in the wall boundary layer and for other shear flows.

The authors thank 3. P'. Borisov, V. M. Derevyago, Ye. D. Zamotina and V. $. Niko-
layenko for assistance with the experiments, and also G. M. Abramovich for con-
structive discussion.
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UDC 532.517.h4
DEVELOPMENT OF GRID TURBULENCE IN A FLOW WITH CONSTANT VELOCITY GRADIENT

Moscow IZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTT I GAZA in Russian No 1,
1974 pp 38-47

[Article by A. A. Pavel'yev, Moscow]

[Text) On the basis of equations for Reynolds stresses and the equation for the
scale of turbulence, an analysis is made of the development of grid turbulence in
a flow with fixed velocity gradient. The constants in the equations are deter-
mined from the assumption that far from the grid at high Reynolds numbers the
turbulence structure tends toward a limiting state with constant values of the
correlation coefficient, the degree of anisotropy and the dimensionless velocity
gradient. The constants in terms with viscosity are determined from consider-
ation of flow behind a grid without a velocity gradient on the final stage of
turbulence degeneracy. The resultant equations are solved on a computer. The
calculation agrees satisfactorily with available experimental data.

It is proposed that the equation for frequency of turbulent pulsations derived
in this paper be used instead of the equation of scale to caleulate flows with
a variable velocity gradient.

The computer calculations were done by S. I. Bekritskaya.

1. Model representations of the effect of a velocity gradient on turbulence
structure are used in developing methods for calculating flows in a boundary
layer, pipe, mixing layer and other turbulent flows with shear. However, the
way that the velocity gradient influences the turbulence structure is usually
difficult to isolate because of flow nonuniformity due to the boundary effect.
A study of homogeneous turbulence in a flow with constant velocity gradient
eliminates the boundary effect, which considerably simplifies theoretical anal-
ysis.

in recent years, several papers have appeared in which a study was done on the
development of grid turbulence in a flow with constant velocity gradient [Ref.
1, 2]. In these papers, heat-loss anemometry was used to measure such turbulence
characteristics as the intensity of pulsations with respect to three axes, the
Reynolds stress and the scales of turbulence. The experimental results show that
the structure of turbulence in a flow with velocity gradient far from the grid
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Lends toward a limiting state, and the scale of turbulence, whose initial value
is determined by the cell size of the grid, increases.

Datn were found in Ref. 4, 5 on development of initial small-scale perturbations
in n flow with velocity gradient during mixing of Jjets, and it was shown that the
influcnce of these perturbations on the transition to turbulence and on mixing on
the initinl section may be quite appreciable.

2. From the Navier-Stokes equations we can get equations for <ujuy>

3 . 3
auup d<uuy aU;
~_+ZU 2 Vi —+
at " 0z ; M

bzt

- oU, 1 du,  du;
ll>_.__‘—-_-< l<-_—+__—)>+
+Z it dx, - p P dz, 0z
k=t .

, (2.1)
3 8¢ . ) ’
- T 0 [_ A —————-u i +<u.,,u.-u,)+< (é,ku.+5.kuz)'£‘> ] +
b U T, dz, 0
kaati
< au, au, -0
dxa (7x

fecre the U; are the components of the average velocity, uj are the components of
pulsation velocity, p' is pressure pulsation, v is kinematic viscosity, p is
density, 6” is the Kronecker delta, <> are averaged quantities.

We will assume that

0<ugu,)/01=0, U;#O, U1=U3=0, 0U1/6$:=COUSL
U bz, =0l /oz,=U, p=consl

5 0
3 o uay) 0’ (2.2/
B j_dv_[—\-- it ﬁ-(u..u.u,)-k<(6,.u,--%—6.h11,)1—>] ={
d gy L dz, P
Lo
- With consideration of (2.2), equations (2.1) take the form
g, w, - JU,
U~ fun = —{Uy u)———(u u>-——-r
- dJdz, v, (2.3)
du;  Juy z)u. ()u.J
P ey S
Uz, Jdz; day U-lh
From (.°.3) we can get an equation for the turbulence energy
Cuy®> +<ug® +<us™ oL au,
E=— .2 Uy —— == —ugu )t —
dzx, dz,

3 ((5=))
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Expressions for the individual terms of (2.3) are proposed in Ref. 6. The in-
terpolation formule

: ou;\ [ duy ¢ E* uu,
o= V[ ZEZV Y= — ‘5.4‘*‘ <
S VZI<(I)J,)(()I,.) 3 L 2

k=1

is provosed for the term that describes dissipation.

Il we consider that energy-containing vortices in a flow with gradient velocity
are anisotropic, then for the dissipative term we can write

Su=v Z<(ZZ)(::’)> 21 L (evhenPL) (2.4)

Henceforth we will use expression (2.4) for the dissipative term.

The term
Ki=1/p<p" (0ui/ 8z }0uidz.)>

in (2.3) describes the exchange of energy between the components of velocity pul-
sation along the different axes, and therefore does not appear in the equation
for E. It is shown in Ref. 6 that the quantity K;3 is the sum of two terms, one
of which depends on the mean velocity profile, whiie the other depends only on
the turbulence characteristic. Therefore the approximating expression for Kl%
Ref. 6 should also be broken down into two parts. The following expressions for
the exchange term K;; are proposed in Ref. 6 on the basis of solutions for iso-
tropic turbulence for flow with a constant velocity gradlent

du, au, y E"
—{ 2N = (o p)< .)———————((1 o 2p
<I) ar, (atf) Cuuu Axs 2 L l 3 \
Lo, vU, y LT 2
—{ P == )= aluuy) ———— ((u;’)——T—E)
!n o, vz 2 L : 3 .
< du;) y , vU, y L™ (l( N 2 E) (2.5)
— i) —— = — — (Kus?— —
oz, /TR T (T
1 du, Ous U o
—{p (— 2 Y= (0.6<uSy—0.2¢u, Wul))—ms — y —Cu )
. <,, (Ox 01,)> (060 =02 +0:2¢w) —— = Y
Thus Lhe system of equations for <u% <u%>, <u%> and <ujup> takes the form
o<uus ou
Uy = 202 (a2 (£ =yt ) ] —
vz, Jz,
[ (2.6)
s _(I‘\'b‘—z
vlu® ou ou
/,——;u' == — 2 u.) : =2 (a+p) (e u— -
ux, dx, vZxa
£ 2N W (2.7)
e ((u, > —~~L) ~c - OV =
L 3 L L
oty alu, L ) 2
U, =2uuud -{~(<u:¢>——3)—
du, dz, L 3
CultYE™ <u.®> (2.8)
mem—p e I
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PIOE ou,  E" 2
) U/ =2pun 01; —1— (<u,2>—-3- E)—
Cu L™ {u?y . (2.9)
- C - CyV -
L Lt

Une of the equations (2.9)-(2.11) [sic] can be replaced by the equation for tur-
bulence energy

U 0E__ ) >0U1 E" E
T Uy, axz—c—z——vc,z—; (2.10)

llencetorth we shall use equations (2.6), (2.8), (2.9), (2.10), which are a closed
system if we define in addition the scale of turbulence L and the value of the
constants ¢, ¢y, Y, o and B.

Let us note that (2.6) contains two constants whose values were obtained in
Ref. 6.

The quantities -<ujuy> and L appear in the equation for turbulence energy.

To pret a closed system of equations, we can derive an expression for -<ujuz> by
using the assumption that at the given point of the flow the quantity -<ujup>
depends on E, L, 3U;/38x, and v. From dimensional analysis

—Cuu Y E=\(E~"L3U,/0z,, L™ LIv) (2.11)

Expanding (2.11) in a Taylor series with respect to powers of z =E‘1’2L8U1/3x2 at
constant Re®=EZ%L/v, and limiting ourselves to the first two terms of the ex-
pansion, we get

—uud=9(0, Re®) E+¢/ (0, Re®) E-"LoU,/dz.+ ...

(2.12)
Uince al zero velocity g.radient <ujup> =0, we have $(0, Re®) =0.
hen —(uus> =y (0, Re®) E-*LAU,/0z,
which is analogous to the known formula
—Cuud =y (0, Re®) E*LaU, /o, (2.13)

At large Re® the quantity ¢'(0, Re®) =cg can apparently be taken as constant.
Let us note that if we set w'(0, Re®) =0 and take the next term of expansion
(2.12), we likewise get the known expression for -<ujup>

—(u,u:>=c','Lz((7U1/0.Zg)2

. 1
We cannot exclude the possibility that at large values of z =E™2L3U;/3x; that
may be observed in flows with low Reynolds numbers, it is necessary to account
- for both terms in expansion (2.12).

Sinee there are no grounds for assuming ¢'(0, Re®) =0, henceforth we will use
expression (2.13).
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Thus Lhe second version of the closed system of equations includes equation (2.10)
and relation (2.13) as well as a certain relation for the scale of turbulence. In
this case it is necessary to determine constants c¢, cj and cs as well.

3. 1€ we assume that a change in turbulence scale at a given point is determined

_ by quantities E, L, 9U;/3xp, and v, then we cen write

U.0L/0z,=4(E,v, 8U,/0z,, L)

As before, the turbulence characteristics are assumed %o be constant along axis
xp. The inclusion of E, L, 3U;/9x, and v alone among the quantities that deter-
- mine the change in scale presupposes that the other turbulence characteristics
are determined by these four quantities.

Let us assume further that
f(E,~,8U,/0z,, LY=f,(E, L) +fa(v, L)+4,(0U,/0x., L)

This assumption means that the changes in the scale of turbulence due to the
action of viscosity, turbulence energy and average velocity gradient are inde-
pendent.

Then we find from dimensional analysis
U,0L/dz,=cE"+cow L=+ LU /0z: (3.1)

In the case of flow behind a grid without velocity gradient on the initial sec-

tion al large Reynolds numbers, the second menber of equation (3.1) retains only
the first term, and the equation coincides with the known equation for the scale
of turbulence in this case.

For flow behind a grid without velocity gradient on the final section of de-
generacy, where the turbulence Reynolds number is smell, (3.1) retains only the
second term, and for the lengthwise change of scale we get the well known formula
that has been obtained both theoretically and experimentally. The third term in
(3.1) describes the change in turbulence scale with deformation of the field of
turbulent pulsations by a constant velocity gradient.

Mhus (2.1), topether with (2.6), (2.8-2.10) forms a closed system of equations
that contains constants ¢, €1, Y, O, B, C2, C35 Cy that must be additionally de-
termincd. The second version of the closed system of equations contains equa-
tions (2.10), (2.13) and (3.1) with experimental constants cs, ¢, C1, €2, C3 and
cy. In this case, cs is a function of the turbulence Reynolds number and z. If
the problem is being solved for fairly large numbers Re®, then terms with vis-
cosity can be disregarded, and it is necessary to determine six constants in the
case of system (2.6), (2.8)-(2.10) and (3.1), or four constants in the case of
system (2.10), (2.13) and (3.1).

Another approach to derivation of the equation for turbulence scale was considered
in Ret. T, developed in application to a boundary layer in Ref. 8.

Using (2.10) and (3.1) we can get an equation for the lengthwise change in the

quantity w==E%/L, which is the frequency of turbulent pulsations or the intensity
of turbulent vortices
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0 . { Causdy U ’

1= = e - (c;+»—- - )m - —0.7c‘vm (3.2)

du, 2K dz, L
In the case of flow with constant velocity gradient, (3.2) can be used instead of
{3.1). MNowever, the use of (3.2) in heterogeneous flows gives greater Jjustifi-
eation or writing the expression for the diffusion term.
A equation for w was considered in Ref 9, where it was first proposed that the
equakion of turbulence energy balance be used in analysis of turbulent flows.

I. M values of the constants in the equations depend on the choice of charac-
Leristic seale of turbulence. Let us take the transverse integral scale of tur-
bulenee .

w2y, 22, o)y (T4, ZoFr, 1))

L=
;,f (Cu(zy, 2, 2)0) " (€u* (x4, 2Fr, 22) D) "

dr

aosuch o scale.

In the case of a zero velocity gradient and a large turbulence Reynolds number,
Lhe tystem of equations is reduced to the form

U,olifozy=cE%/L, U, 0Lliz,=c.E" (.1)

fL is noted in Ref. 10, 11 that on the initial section of . 2generacy at large
eynotds numbers B~ (x - x9)™!.  Then from (4.1) cp=c/2.

Al low Reynolds numbers in flows with zero velocity gradient the change of energy
nnd Lturbulence scale is described by the eauations

U, 0L/ 0z,=—vc,E/L?, U,0L/dz,=cyvL (L.2)

It ie shown lj.n Ref. 12 that on the final ¢ :ge of degeneracy of grid turbulence
it~ (%), - x9)7%  This and (L.2) imply that c3=0.2cy.

It it shown in Ref. 12 that for grid turbulence on the final stage of degeneracy
B = J/u n.

Aceording Lo experimental data on degeneracy of turbulence behind a grid given
in kef. tl, 12, the constant ¢ can be taken as equal to 0.h.

Thus from bhe experimental data for grid turbulence on the initial and final
shages of depeneracy we get the following values of the constants:

c=0.4, =02, ¢,=3.927, ¢;=0.785

For closure of the system of equations it is necessary to determine the values

of rour more constants (y, a, B and Cq)- Let us assume that in the development
B of rrid Lurbulence at large Reynolds numbers in a flow with constant velocity

gradiout, far from the grid, a turbulence structure is set up such that the

quantitics

, U\ Cuyuy? {uy Cuy’y
c*__——_li'h (L____‘_) , c¥¥= ___’w—‘ Cx== 'z ,  Cxx= i
01:2 IL L I
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e eonstant, and do not depend on distance. Since system of equations (2.6),
{(;.)=(0.t0) and (3.1) is to describe this state of turbulence, by taking the
derivatives with respect to x; and selting them equal Lo zero, we tan use (7.8),
(0.10)-(2.12) and (3.1) to get four relations between constants y, a, B, ¢y and
KRR 0L, Cyye FOT the sake of illustration, let us obtain one of these re-

‘

1

Padiions

=0

Y DN\ L 1 aCuu?
6<u‘u._>Q_=U‘(__<_“:E-_>__+ L e
Jr, E dzx,

1

Subsbituling the second members of equations (2.10) and (2.6) in place of U,0f/dr,
and UsiCuaddz, in (4.3) and setting U0<uu>E-'/dz,=0, W€ get

(l11”2> : ' OUl - (uﬂl:) (u::> <1L3:>
Swtt? N\ Eh([, ) ~0.2[ +2(‘1_ )]=
( I ) (e=1) 7z L I3 ; 0

M

I'rom Lhis we get
A (c—q) c*e**—0.2[cxF2(1—cx4) ] =0 (h.1)

b an analopous way we get the three other relations

2t ye* (cxms) =0 (k.5)
Py (can—"/s) e** =" +eun==0 (4.6)
ce*tei—1e** =0 (b.7)

in deriving these relations, it was assumed that c2=1/zc. Thus to determine a,
B, Y. ¢y it 15 necessary to know the values of c¥¥, c¥, oy, Cyy far from the
i

for syetem (2.10), (2.13) and (3.1) the relations for determining the constants
Lake Lhie form cg=c¥*¥c¥* and (b.7).

e cquibion for turbulence scale (3.1) at Re®~® and cp =kc can be given in

Ly Torm ou 1 U
U,ﬂ_—_ [—C—E"'(L ‘) +c.]L :
dz,

2 JIs Dz,

Ihe solubion of this equation at a constant value of I:'“’(ll(ﬂ/',/ﬁr:)" takes the form
- L=Loexp [A(@InU/dxy) (2,~1,°) ] A=y (c**—cc¥)

5. in Rel. o, measuremeats were made of the turbulence structure far from the
prid oo turbulent flow with constant velocity gradient. If the constants c¥,
cRE ey, are calculated from the data of Ref. 2 at the maximum distance from
Lhe prid, we et

- *=0.72, %2034, cx= 048, Crr =0T (5.1)
Sapsbitubing (5.1) in (h.7)-(L.10) and assuming c=0.4, we Tind
ce—0118, 1=1013, 2a=—009, 2p=0374, ,=0.245 (5.2)

Aceording Lo the citimate of Ref. 6, 2a+2g=-0.8. Tn the casc being considered
frere 2’11+“ﬁ:_()_l;(,};.
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<y 14,23
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7 l~ 0.33" a.0n

/A 50 z,/m
Fig. 1
I'he valuen of the constents found above enable us to do calculations by the

above-dereribed system of five equations at any Reynolds numbers, and by the
syotem of two cquations at large values of the Reynolds number. All the calcu-
Intions were done on the Nairi computer using a standard program.

The low Lhat was experimentally investigated in Ref. 2 was calculated. Since
Lhe quantity L was not measured in the initial cross section in Ref. 2, its value
in that section was determined from relation (2.13) in which all quantities

- creept I vere known.

- Fipo 1 yrives a comparison of calculation by the system of five equations with

conntants (9.2) and the results of the experiment of Ref. 2. Behavior with re-
spect Lo length is shown for the quantities —(uu,)/E—1, L/IM=-2, w/U/ =3, u/U,—4,

w /U, — 5.

Woe o tnonld note the jood qualitative and satisfactory quantitative agreement of
the results of calecualtion and experiment. Let us note that the calculated value
o -<ujuy-/ls far from the grid tends toward a constant value equal to that taken
an the Timiting value in determining the constants in the equations. However,

Lhe approach to the limiting value is slower than in the experiment. This may
be due Lo the fact that the limiting state was not reached in the experiment.

[ we assume that the limiting state has not been reached, and that the gquanti-
vies ~ (o)l E EY(LOU S dx) =Y, iy E, (ui)/E at the maximum distance from the
crid differ from the limiting values by as many times as in the calculation, then
the corresponding recalculation of the quantities c¥*, c*¥*, ¢y, cyy vields

ce T3, 0L, =0.53, c¥=0.6, c¥¥=0.385,

fh these veluen of o¥, o*¥ e, ¢y, the constants in the equations are
e = —0.0475, y=0.943, 20=—~0.08, 2=—0.23, ¢;==0.2:}1 (5.3)

iie. o shows the values of —{unw) [E-Y LfM—2 EJU#-3 calculated by the system

of Pive (solid curves) and two (broken curves) equations with constants (5.3).
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AL 1low numbers Re®, the quantity -<ujup>/E goes
- through a maximum in approaching the limiting
state.

Calculations show that in the case of flow behind
- a grid with velocity gradient, the energy first
B decreases, and then increases, the limiting state
being reached on the section of increasing turbu-

lence energy. At the present time the results ‘
. . 0.5 h
of measurements of'turbulence chargc?erlst}cs 0 200 300 z,/M
have not been published for a sufficient distance
from the grid, and the increase in turbulence Fig. 2

energy has not been registered. While Ref. L, 5
do indicate an increase in turbulence energy in a flow with velocity gradient,
the data are qualitative in nature.

For calculations by the system of two equations at low Reynolds numbers, it is
necessary to find the dependence of c¢g on the Reynolds number and z. This de-
pendence can be found from calculation of the flow behind the grid by the system
<3f1five equations at a large initial value of Re® and a low initial value of
ET2L0U,/3x%,. It was assumed in the calculations that UI1M3U1/3x2:=lO’“, and the
quantity Re = MU;/v was taken as variable. Here M is the mesh size of the turbu-
1izer. The maximum value of Re was 10%. At x3/M=20 it was assumed that
L/M=0.2, and E/U% =0.0005, which corresponds to the conditions of Ref. 11, 12.
Turbulence in the initial section was taken as isotropic, and the value of —-<ujuy>
was ecalculated by (2.13). The resultant dependence of c¢g on Re® and z is shown
on Fig. _ The ratio of the instantaneous value of cg to the value at high Re®
and low z is laid off along the axis of ordinates and denoted by F. At low z and
larye Re®, c5=0.28.

Measurements far from the grid at various Reynolds numbers give more exact values
of the limiting state, and enable more detailed analysis of properties of the
system of equations under consideration.

Calculations show that factor -—02[<uf)——2(E——<uf))]
in (2.6) can be replaced by the expression -$8E.

In the calculations, 6 was varied over a range of
0.26-0.28. 1In this case the equations for com-
ponents of pulsations along the different axes can
be eliminated from the system of equations.

£

a28y-

261+

au

6. Using these equations to calculate flows with
variable velocity gradient requires the introduc-
tion of terms that describe diffusion of the turbu-
lence characteristics. In this case, it is ad-
visable to use the equation for w rather than the
equation for scale. The diffusion term in the
equation for w can be written in the same way as
for turbulence energy in gradient form.

[ f we use the equations for E and w together with the dependences of cg on Re®
and L"%LDUl/axz given in Fig. 3, then for flow in a flat channel the system of
equations takes the form
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oU U\ 3 J¢ E 1 7}
._L~m14—c‘m—%fi+ c,(u ) -0.7 o + {(c,——+ ) m}fO (6.1)

I oz, Res £ 02: o Re*/ 9z,

E-joU\? »? J {( L 1 dE 6
o —2) = cFo—6 ———t —— 4 ) }mo (6.2)
f 0 (Ox: ) cEa=c Rew Jz. “ [3) Re* / oz

« *®
4 {(c5£+ ! )ﬂ}hi, Rer = 20 (6.3)
Jx. o Re*/ oz, v

Here all quantities are reduced to dimensionlegss form by using the quentities h
(the half-width of the channel) and u¥* = (1,/p)%, where t, is the friction on the
wall.

The boundary conditions of these equations are as follows:

U,=0, E=0, £"o"'=0 at z.=0 (6.4)
OE | 0z,=6w [ 01,==0U, | 02:=0 at x,=1 :

In writing these equations it was assumed that the transport coefficients in
the cquations for £, w and U; are the same.

Calculations by system of equations (€.1)-(6.3) with boundary conditions (6.h4)
can be used to check the feasibility of extending the methods proposed in this
paper to flows with a variable velocity gradient. However, it should be noted
that in formulating this problem two additional assumptions were made: on the
gradient nature of transport, and on equality of the transport coefficients in
the equations for E, w and U;.

The author thanks V. M. Iyevlev for discussing and supporting this work, and
3. I. Beritskaya for doing all the calculations.
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UDC 532.5.013.4:536.2

NONLINMAR STABILIZATION OF UNSTABLE ACOUSTIC OSCILLATIONS IN A BOUNDED HEAT-
RELEAS LNG MEDIUM

Moscow IZVISTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 6,
1978 pp 34-L1

[Article by K. I. Artamonov and A. P. Vorob'yev]

[Text] I[n many power installations the working process that takes place with
release of energy is acoustically unstable in the linear approximation under
certain conditions. Of practical interest is the problem of determining the
anplitudes of unstable waves that are set up as a consequence of energy transfer
from an unstable mode to damped modes upon nonlinear interaction. In this paper,
equations are derived for the steady-state amplitudes of plane acoustic oscil-
lations in the three-wave approximation with consideration of boundary impedances
that disrupt the "internal" resonance of stimulated acoustic overtones, The
analysis applies to a high-temperature heat-releasing gas for which the general
conditions of stability were formulated in Ref. 1, and were also considered in
Ref. 2, 3.

1. Equations of thermal gas dynamics with satisfaction of conditions of local
thermodynamic equilibrium and in the diffusion description of radiant thermal
fluxes take the form [Ref. L]

-dp as
P4 divpV=0, oI (——+VVS)=pe—
a:+d“"’v 0, o (6t ' pe—Q

v 1
: %7+<v,v>v=—-p—\7p, p=oRT, S=cylnpp~

Here pe and Q are heat release and heat removal par unit of volume. The influ-
ence of viscosity is disregarded since the viscous dissipation of acoustic oscil-
lations is small compared with dissipetion by radiant heat conduction.

We will consider thermoacoustic instability of a heat-releasing medium in which
the heat release is proportional to its density (e =const). The steady state at
V=0 is reached when the heat supply determined by volumetric heat release is
equal to the heat transfer through the side wall of the channel in the direction
perpendicular to its axis pe =F(T,p), where F(T,p) is a function that describes
the heat runoff in the transverse direction.
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In analyzing oscillations, we write. the heat transfer as
8T )
Q=F(T, p)—}w—a-T, F=a,(T—T,), & ==const
z

where z is the coordinate along the axis of the channel, X is the coefficient of
radiant heat c-nduction. Such a representation of heat transfer for a large
ratio of channeli length to diameter enables us to reduce the stability problem to
the one-dimensional formulation and account for dissipation of oscillations by
heat conduction.

We note that the analysis of other mechanisms of heat drainage that were dis-
cussed in Ref. 3 does not present any fundamental difficulties, and can be done
anslogously.

Let us set V=0+V® p=p@+p" and so on, where quantities with the index 1 refer
to deviations of the corresponding parameters from their steady-state values,
while those with index O are the steady-state values. Henceforth we will dispense
with the index O.

Let us introduce the following dimensionless parameters:

pll) p(‘) V“J 2'“) 2 at
= e———— T e——— =————’0=———-, =~_,T=“—
- 1 pa* ’ o p v=T T ¢ L L

where a is the speed of sound in the medium, L is the length of the channel.

The system of equations written in dimensionless form for oscillations with the

retention of nonlinear terms takes the form
du du 1 dn

36 0 '
R T -0 Papli— - L (1.1)
5o FaplUHOul=0 TR Ge =T
an . o du 1 90
I () —= =T (6-0) + ———— (1.2)
PP TR g =T ST
n=0+0+89 (1.3)
I“z_" el , Pez—(—l-é- (y_:i)

csTa % Cpp

in deriving equation (1.2), it was assumed that the ambient temperature T is
considerably lower than the temperature T of the heat-releasing gas.

Let us restrict ourselves to the quadratic approximation, i. e. we will retain
only linear and quadratic terms in the equations for oscillations. The dimen-
sionless parameters I') and Pe characterize the supply of energy to the oscil-
jations and its dissipation by heat conduction, i. e. they describe the non-
conservative nature of the oscillations. For many problems the values of these
paramcters sabtisfy the conditions Ty, 1/Pe«Ll.

When Lhese conditions are met, the dimensionless amplitudes of pressure oseil-
lalions are much greater than the amplitude of entropy oscillations, and we can
use the so-called quasiadiabatic approximation [Ref. 1] irn calculating the second
member of equation (1.2).
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With these assumptions, system of equations (1.1)-(1.3) is reduced to the form

a6 ou 1 9 du @ 1
— e e T 2.2 1 d
AT 01: (n*+u?), T+a§ z ag ()

i, 5n+ du 1 -
T wmTT ('m +u )+I‘( Pe F P ) 1

_ L

=( ;T a

from which we get a nonlinear wave equation for pressure oscillations

0ty o 1 0° . . —1 @ )07]
AL UL UL —— {1+ — ;
e R NI (u*—n )+ (u +y1°) \1 PoT 7% (1.4)

In this ecquaticn, the first two terms in the second member characterize the non-
linecarity of the hydrodynamic system, while the third term shows the nonconserva-
tive nature of the oscillations.

For 2 linear conservative system, instead of (1.4) we have the ordinary wave

cquation
a'*n d?
S 5o =0
dt og?

he solution of this equation in a channel of finite length can be represented as
a sum of standing waves

1 |
2 netK == 3 Areecos kb o) +E, otk (2.1)

where A, is arbitrary amplitude, w, is the natural frequency of the mode of oscil-
lations with number n, ¢, is phase, and K denotes the complex conjugate part.

The values of ky and ¢, are determined from the boundary conditions of the linear
problem. Lf the ends of the channel are acoustically closed (conditions u=0 at

=0 and £=1), then ky=nm, ¢,=0 (n=1, 2,...), and the value n=1 corresponds
to the fundamental mode of oscillations, n=2 corresponds to the second mode and
w0 on, the frequencies of these waveforms making a harmonic series.

Let us consider more general boundary conditions expressed in terms of the acous-
tie impedances of oscillations on the ends [Ref. 5]. The boundary conditions
will be kept conservative (introducing no buildup or dissipation into the system),
i. ¢. we will take the impedances to be purely imaginary quantities. Then the
boundary conditions for each natural oscillation (n=1, 2,...) take the form

" iz, 2] =iz (2.2)
Un | o Un |ty

- From Lhis we get
ko= (2.3)

Zun

the case sti 3 i
(the case of acoustically closed boundaries corresponds to Zon s Z1p >o),
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Let us rostrict ourselves to consideration of the case where the influence of

finite conductivity of the ends does not lead to low-frequency natural vibration

with n=0, and we will henceforth assume that natural oscillations with values
=], 2,... may be present in the channel.

3. Let us examine the linear part of equation (1.4) with consideration of the non-
conservative term. Substituting a solution in the form (2.1) in this equation,
we get a relation '
2.4 7 _.‘7_1 .
Wy, +m)..I‘(1 o7 an) - (3.1)

for each mode of oscillations, where tae value of the wave number k, is defined
in (».3). Trom relation (3.1) when the conditions T, 1/Pe«l are met, we get

i -
Wy hy—— .1._1 ! kn’)
2 Pel

from which we get the condition of thermoacoustic stability
Pel
-1

k2> k=

(3.2)

- Oscillations with wave numbers k%)’k% will damp out due to dissipation by heat
conduction, while those with wave numbers k% < k% will be unstable. The value of
the critical wave number (3.2) coincides with the value obtained in Ref. 3.

L. Nonlinear terms in equation (1.4) lead to interaction between different modes
of oscillations, which limits the amplitudes of unsteady oscillations.

We will seek the solution of equation (1.l4) in the form
n= %‘ ZA..e‘“"‘ cosyatK, u=-— _;—2 AseosingatK, o=k Xa=kfte. (4.1 )

k, and ¢, being determined from boundary conditions (2.2). However, we will
assume that complex amplitudes Ap are slowly varying functions of time Tt and
courdinate §

s | <ula \%ﬁ\«knw

The Ldea ol solubion of nonlinear wave equation (1.4) is to substitute expres-
sions (L.1) in this equation, and then equate the terms of the first and second
menbers thal have the came space and time dependences, the so-called resonant
Lerms.

Using (4.1) we can show that the resonant terms for nz and u? are identically
expressed, and take the form

Not=lo = -2—2 [AmA et tontens oS (YmT%n) +ARA e e cos (Ym—%n) 1 FK (L.2)
j]
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where * is the sign of complex conjugation. This enables us to write equation
(1.4) in the simplified form

P _ o _yH LA 0y om
v e 2 ("°)+r( 'a§=)}'ﬁ'+g (k.3)

where H denotes nonresonant terms.

Gubstituting the equation for n (4.1) in equation (4.3), and using (L4.2), we get

" aA” 'l‘ \ 4 aA” ‘- v H
2 [ iQn (-3;- anA,.) e cosx,.+k..—a?e sin x,] +K=

n

=————2[(mm+m )*And e“""‘""‘"cos(x...-l-x..)-*- (b 1)

F(0n—wn) And e 9% cos (Xm—yn) ] +K+H
e r(1 )
"y Feal )

In the cnse of acoustically closed ends wn—kn—mr, Xp =nmf and without further
transformations we can equate the resonant terms in ﬁ We note that in doing
this, aAn/2)£=O.

We will take up the case where the ends are close to closed. Let us set
wp=kp=nmn+8, (n=1, 2,...), then x, =nm§+ Yy, where Yo = Y& + ¢, where &, and
¢y, are determined from conditioms (2.2).

Consideration of the linear stability problem shows that the magnitude of the
attenuation factor of the oscillations for damped modes increases with mode
nunber. Therefore in accounting for the nonlinear interaction we 1limit ourselves
to interaction of three modes of oscillations. Equating the resonant terms of
equation (b.h4) that are proportional to exp(inmt)cos nnf, or exp(inmt)sin n7g,

we pet the following system of equations:

im‘[ OF' (o, +id,) B ]————anB *B, cos (Pa—29) —203,8:*Bs COS(‘I’ =)

it
) 5B1 . 2 . ) 3
i, [—0——-—-(0!.:*‘!5:)32] =—ay,B, cos('\l)z 2\3)‘) —2b3,B,*B; COS(Q'I'*"P:"‘FJ) (h.5)
1
[iB—’ ~ (s tibs) By ]=—2a,,B,B= c0s (Ps—ps—1pz)
I (;15' = 20,,B,*B, sin (y,— 2{,) +2b:.B,*B, sin (Ps—pr—1)
S
0D, ) € o (4.6)
/.-:—T_——a,.B 511!(21}),—\1:1)'*‘2113131 B, Sm(%—‘bz-\bn) .
9B,

ky—— ag = 2a,,B,B, sin (Y, +{—s)
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B,=mA,e", ap,= %(mwfm,.)',

+1
bmna"%ﬁ—'(mm"'mu)’ (m, n"—"i, 2. 3)

Considering that the spatial distribution of each of the three modes of oscil-
lations differs weakly from that of the corresponding harmonic (ends close to
acoustically closed), we can disregard the dependence of B, on &, since in this
case the second members in equations (L4.6) will have a higher order of smallness
than in equations (4.5). Therefore, instead of system (4.6), we will study a
system of three equations

o
—51—' —(a,+i6,)B,=ipB,*B,+ipB,*B,, p= _(_'f_"'_i)_’i

8
9B, . . o 1 nint
_ T_(az+161)B;"—‘lﬂB,""ZLﬂB.*B;, (o 2% ’3’——2—P(1—-}-‘—F—) ()4.7)

B,
- e (ees+i6s) Bs=3ipB,B: (n=1,2,3)

where B is a coefficient close to unity.

Let us %Bbroduce into consideration real amplitudes and phases, i. e, we will set
By=ppe B (n=1, 2, 3), where p, is amplitude, 6y is phase.

Separating the real and imaginary parts in equations (L4.7), and using the notation
Ay =06,-201, Bp=03-6- 8,, we get a system of equations that describes the
model of nonlinear three-frequency interaction in the quadratic approximation

0 . .
———DP; = 0,p,—BPiP2 Sin B, —Pp:pssin Az (4.8)
. d .
9P _ o pitpps sin Ar28ppasin As, —om = aspst3ppipasin B
ot at
3
_‘%éi =1,+p (-1—)1- - 2p:) cos A,+2p (—%& - E;B—’-) cos A
i Fz N (4.9)
A P 3pip: 2pips _ PaDs
B: . _a(Ply )cosAl+ (—————~———)cosAz
Fp Y.—P ( e D: B s P2 P

whero Yy=0,—28,=k:—2ki; Y2==05—8:—6,=lks—k,—k, , and the value of 8, (n=1, 2, 3)
is determined from the boundary conditions.

IT equations (L.8) are added after each has been multiplied by p1, P2, P2 respec-
tively, we get the relation

%_ ai-(Plz'*'Pz"*'Paz) =aspl'+“=P21+“’p32
T

which implies that a necessary condition of existence of non-zero steady-state
amplitudes ot oscillations is the presence of at least one mode that is unstable

88

FOR OFFICIAL USE ONLY

APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400020034-8



APPROVED FOR RELEASE: 2007/02/09: CIA-RDP82-00850R000400020034-8

FOR OFFICIAL USE ONLY

with respect to the linecar approximation, and at least one mode that is damped
in the lincar approximation, i. e. at least one pair of ay (n=1, 2, 3) must
have opposite signs. If all ap<0, the amplitudes pp*0 as T1+=. If all ap>0,
the oscillations increase with time, and the quadratic approximation is insuf-
ficient for finding steady-state amplitudes.

5. Let us consider two-wave interaction in the case where the fundamental mode is
unstable with respect to the linear approximation (a3>0), and the second mode is
damped due to dissipation by heat conduction (ap <0). The interaction of the
modes of the waveforms is described by the system

ap . a
"F: @ ps—Bpip2sin A, %= e ]azlpz+ﬂpxz sin4,
o, , (5.1)
— =1+ (—-—2 )cos
I Yi+p D2 A,
™his system is analogous to that given in Ref. 6.
The vnlues of the steady-state amplitudes are found from this system if the
derivatives with respect to time are set equal to zero. The values of the
sheady-state amplitudes of the oscillations are written as
Ya,lasl o, 20,~la,l 7
el ® A |___' L (5.2)
Py Bsin A, b BsinA,’ ! ¢

At y; =0, i. e. when the second mode is a harmonic of the fundamental tone
(wn =7 w;), the values of the steady-state amplitudes are minimum (A; =n/2).

Let, us write (5.2) as

¥ (1-2) (iz—1) Y )
| e LN
r 7 1 r (3 T

2 12 ("{—1)111
ey Ve (Faly) o=

- The resultant steady-state amplitudes were studied for stability with respect to
the linear approximation by perturbation of system (5.1). Based on the stability

condition, we get the constraint %¥<x<1.
i L shows the behavior of amplitudes p; and pp; as f; y/}
a {function of distance from the stability boundary A
2.2 0.2 —
in the case y; =0 (£, =8p,/T, x=7 /k%). g Z
From o comparison of amplitudes in the cases where 0,.0 0.4 05 T
the ends have finite conductivity (y;#0) and are
B aconstically closed (Y1=O) we find Fig. 1
x 2 '1,Pe

P y1Fyp, y=p—— = —

Pro VIt = 2z—1 " 3 (y-1=?
where pn i3 the amplitude of the n-th mode at y; #0, ppg is the amplitude of the

n-th mode at y) =0.
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Sinee e, the coefficient u mey be considerably greater than unity even at a
low value of vy;. At large u, amplitude pp may considerably exceed the amplitude
for acoustically closed ends. The behavior of pp/ppo (n=1, 2) as a function of
distance from the stability boundary at different values of u is shown on Fig. 2
(k;n = pn/l’n() s XF (ﬂ/k*)z) .

o8

% ’
9/ / net

X —
y A "
Z /

//

——— ﬂ=0 / J

/)
07.0 08 r 06 70 0.8 0.6 0.4
Fig. 2 Fig. 3

Our analysis shows that the existence of steady-state amplitudes of acoustic
waveforms is a consequence of nonlinear hydrodynamic interaction of a fundamental
mode that is unstable with respect to the linear approximation, with a second
damped mode. The steady-state amplitude has a minimum value in the case of
acoustically closed boundaries, i. e. when the interaction between waveforms is
maxinmamnm.

6. Let us consider three-wave interaction of oscillations in the case where the
fundamental mode is unstable with respect to the linear approximation (¢;20),
while the other two modes are damped due to dissipation by thermal conductivity
(ap, a3<0). We will compare the results with the case of two-wave interaction.
Let us restrict ourselves to consideration of acoustically closed boundaries.

In this case, we must study system (L.8), (4.9), setting y1=v2=0.

The steady-state amplitudes of the oscillations are determined from the expres-
sions

—eem

le,l o o |az|p: . 35[),[);
=g (V1 =t): P g P el (6-3)

where the phase shifts 8) =8, =7/2.

As the stability boundary is approached in the linear approximation, i. e. when
x+1, (6.1) implies that the amplitudes approach values (5.2) obtained in the
case of two-wave interaction with acoustically closed ends.

The steady-state amplitudes determined by using (6.1) were studied for stability
with respect to the linear approximation by perturbation of system (4.8), (L.9)
at Ay =Ap=mn/2. The result was the renge of admissible values 543 <x<1 in which
the resul tant steady-state amplitudes are stable. From a comparison of the
ranges of admissible values of ¥ we see that with consideration of three-wave
internction the expressions for steady-state amplitudes are valid at a greater
distance {'~om the stability boundary than in the case of two-wave interaction.
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The behavior of amplitudes p, (n=1, 2, 3) determined by expressions (6.1) as a
func%iog of distance from the stability boundary is shown in Fig. 3 (fn==8pn/T,
x=n¢/kE).

From an examination of relations pp(x) (n=1, 2) shown in Fig. 1 and 3 we see
that the values of the steady-state amplitudes of waveforms in both cases near
the stobility boundary (x close to unity) differ weakly from one another. This
gives ground for restriction to the fairly simple case of two-wave interaction
in estimating the steady-state amplitudes of oscillations close to the stability
boundary .
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UDC 533.6.011.6:538.6:534

INFLUERCE OF A MAGNETIC FIELD ON THERMOACOUSTIC STABILITY OF A HIGH-TEMPERATURE
HEAT-RELEASING GAS

Moscow TZVESTTYA AKADEMTT NAUK SSSR: '[EKHANIKA ZHIDKOSTI I CAZA in Russien No L,
1979 pp 102-107

[Article by K. I. Artamonov, A. P. Vorob'yev and M. M. Lomonosov, Moscow ]

[Text] In this paper, conditions are found for thermoacoustic stability of a
high-temperature electrically conductive gas with internal heat release located
in a fixed magnetic field that transforms acoustic waves to fast and slow mag-
netoacoustic oscillations, and also introduces Joule dissipation. The analysis
is done by the energy balance method, and also by direct solution of equations
for small perturbations in the special case of wavelengths of acoustic oscil-
lations that are small compared with the dimensions of inhomogeneities in the
zone of heat release. The stability toundaries are found as compared with fast
and slow magnetoacoustic oscillations.

Phe conditions of thermoacoustic stability of a high-temperature dense gas with
volumetric heat release were found by the energy method in Ref. 1. It was shown
that a stabilizing factor at sufficiently short wavelengths of acoustic oscil-
lations is the dissipation due to radiant heat conduction.

The results of investigations of the thermoacoustic stability of a plane layer of
hent-relcasing gas are given in Ref. 2, while Ref. 3 gives the analogous results
with consideration of the electrical conductivity of the gas and the effect of an
applied weak transverse magnetic fielé, showing expansion of the stability region
with application of a magnetic field. An analogous effect is also noted in

Ref. h.

[n the following, we study the influernce of a magnetic field on thermoacoustic
stability of a high-temperature gas iy, which heat release is proportional to ils
density. 1t 1s asswned that conditions of local thermodynamic equilibrium are
satisfied for the pas, and radiant thermal fluxes are described in the diffusion
approximation. The principal effect cf a magnetic field when it is of small
maynitude is seen in dissipation of acoustic waveforms that have a component of
vibrational velocity directed across the magnetic field.

1. The steady state of the investigated system is defined by the equations
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V=0, p==const, H=const
pe+div (AVT) =0, A=A (p, T)
o=p(p, ), T=T(p, S)

llere € 1s the constant heat release per unit of mass of the gas, A is the coef-
ficlent of radiant heat condiction.

The system of equations of magnetic thermal gasdynamics for oscillations of small
amplitude (the corresponding quantities are indicated by subscript 1) in the
linear approximation takes the form
Vot X, 2P givpvi=0
p It == P Flo i ’ Fl_ Wwpv,=

a8
o (S VVS) =pie—diva,  q=—AVIAVE

o,
- W=l'Ol[V.XH]—rot(v.,.rotl].), div1l,=0

(1.1)
Ps & S, T, . P Sy
LR Y LY IV IR G i
i p pa’ P Cp T (1 )pa: cp
A T, P dlnh dlnA
Bt a2 e (S00)
2 1 p dInT /, Anp !,
a*=(dp/ap)s, p=—p="(8p/0T)p, cp=T""(38/0T),

Here <12, B, c, are respectively the square of the speed of sound, the coefficient
of thermal expansion and the specific heat at constant pressure, y—l=6a2/cp‘

The eftect of viscosity on acoustic oscillations is disregarded since viscous
dissipation is small compared with Joule dissipation and the dissipation by
radiant, heat conduction.

¥From the equation of energy we can estimate the relation between amplitudes of
::1/0p and pl/paz. When the conditions

e | ® A Hvri
§ (7’-= ) ____‘___<<1 (1.2)
7
are met (I is the wavelength of acoustic oscillations), we can use the quasi-
arliabatic approximation, i. e. we can assume that Sl/cp<<p1/pa2.

Yhe first, two conditions in (1.2) dencte that heat exchange of the gas by radiant
conduction and heat transfer to the gas during the period of acoustic oscilla-
Lions are much less than its enthalpy, while the last condition denotes insig-
nifiecance of the change in steady-state temperature of the medium on the wave-
lenpth of the acoustic oscillations.

2. el us derive the conditions of thermoacoustic stability in a magnetic field

by Lhe energy method [Ref. 1]. The equation of energy balance of acoustic oscil-
lations takes the form
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de
‘5? = N+N)1+Np+Np;{

Al

Ve | pd | H? (pe—divq),
e= | (——+ +——‘)d . N={p——o
j ( 2 2pa*  8n v 5 b copT dv

) Npy=— jp,v,dlv, Ny = = — j'[E,XII.]dF
4n ‘

1
1n=—2;jwﬁmﬂoﬁv

E,== (v, ot 11,- [V, XH]) /¢

Here Ii; ic the perturbation of the electric field (c is the speed of light), e is
the energy of acoustic oscillations in the volume of the heat-releasing gas, N
aud N are volumetric integrals that define the work of thermal expansion of the
pas and the Joule losses in the gas respectively; Ng and Npy are surface inte-
grals, the first corresponding to the mechanical work of the gas, and the second
corresponding to the flux of electromagnetic energy through the surface that
bounds the given volume of gas.

I’hysically, the amplification of acoustic oscillations in the heat-releasing
medium is due to irreversible work of thermal expansion of the gas if at the
instant of compression of an element of gas in the acoustic wave, heat is supplied
to the gas in virtue of the specific dependence of the rate of heat release and
the magnitude of the radiant heat flux on pressure and temperature.

If the boundaries of the investigated region are "eonservative," i. e. they do
not introduce buildup or dissipation into the system, then the surface integrals
vanish. 1In this case, a sufficient condition of thermoacoustic stability in a
magnetic field is

pi(pe—div Q0 1 '
j ol dv<2;jvm(rotﬂ.)’du (2.1)
o obbain the specific conditions of stability, a relation must be established
between oscillations of the electric current and of pressure. Assuming weak in-
fluence of the magnetic field on the form of acoustic oscillations, which corre-
sponds to the condition H2/bwmpa?«1, and at sufficiently high electrical conduc-
Livity of the medium (al/vm»l), the electric currents that arise during oscil-
lations are determined by inductive reactance and we have the following estimate:

H Vs I p;
I'Otl[, ~ ——i—-a— ~ _l-:';t;;

Here Vg is the component of vibrational velocity perpendicular to the direction
of the magnetic field, Z* is the charescteristic length of the acoustic wave in the
direction across the magnetic field.

bisreparding the dissipation of acoustic oscillations due to radiant heat con-
duction, and considering Joule dissipetion in the magnetic field as the only

mechanism of dissipation, we get a sufficient condition of thermoacoustic sta-
pility from (2.1):
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2 2 al
e B A= (1) (m )+ ( 2 5 )
4npa* - ;T Vm Vm .

The magnetic field stabilizes the acoustic oscillations that are unstable in the
absence of such a field, if A<1l. The ratio of magnetic pressure to gas pressure
at which acoustic oscillations damp out is proportional to the rate of heat re-
lease €/c,T, the square of the wavelength in the direction across the magnetic
field, ang the electrical conductivity of the gas.

3. Let us study the influence of a magnetic field on thermoacoustic stability of
an electrically conductive heat-releasing gas by solving equations for small
oscillations. We will limit ourselves to consideration of wavelengths of acoustic
oscillations that are short compared with the dimensions of inhomogeneities in
the zone of heat release.

faking the dependence of oscillations on time and coordinates in the form
~expilwt +k)x+kyy +k3z), we get the dispersion equation

ia 2 : — : — (] — € _E_.'_ _12(_5.
(w-m—.b) (@=t+ial)=bp, T=U=A)—p =1

a=wlka, k=Yk2k?, ki=k+k:, b=II'/4npa’

(3.1)

from system of equations (1.1) in the case of a constant magnetic field directed
along the z-axis (H=H, =const), and with satisfaction of conditions (1.2). Here
b is a parameter that characterizes the ratio of magnetic pressure to gas pres-
sure, Ky, k3 are the transverse and longitudinal components of the wave number
with respect to the magnetic field, Rem=a/kvm is the magnetic Reynolds number,

u =ki/k2 is a parameter that characterizes the deviation of oscillations from
planar as compared with the applied magnetic field.

in the given formulation of the problem the wave numbers are considered as pre-
determined real parameters, whereas they must be determined from the boundary
conditions in solving the complete problem of thermoacoustic stability.

Let us note that equation (3.1) does not contain an entropy mode, which is a con-
sequence of the previously assumed quasiadiabatic approximation.

For waves that propagate along the magnetic field (p=0), equation (3.1) breaks
down into two equations, one of which takes the form

- ot—1+ial'=0
and establishes the condition of thermoacoustic stability for pressure waves that
do not interact with the magnetic field, in the form of the inequality

r<0 (3.2)

- Inequality (3.2) defines the range of wave numbers of acoustic¢ oscillations
- that are unstable in the heat-releasing medium, if dissipation by radiant heat
conduction is taken into consideration:

paizd e

Y—1 AT
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At A=const (m=n=0, A=y-1), the latter condition coincides with that given
in Ref. 2.

The second equation coincides with the dispersion equation for Alfven waves propa-
gating along the magnetic fleld with damping in a medium with finite electrical
conductlivity:

ot—io/Rem—b=0

Let us construct the stability boundary of acoustic oscillations at u#0, dis-
regarding dissipation by radiant heat conduction, i. e. setting I'= (1—A)s/ckaa.

On the stability boundary Ima =0, and therefore, teking o as a real number and
separating the real and imaginary parts in equation (3.1), we get a system of
two equations from which to determine the frequencies of neutral oscillations
and the stability boundary

- (1+b—-—R—I‘-:;)a’+b(1—p)=0 : (3.3)
a’(r——:—m—)‘*‘—-};—brﬁﬂ ' (2.4)

Let us find the solution of this equation on the assumption that I'/Rep< 1+b.
This condition is met for high-temperature media that are sufficiently good elec-
trical conductors regardless of the wavelength os the oscillations, and is not a
strong constraint. In this case, equation (3.3) becomes independent of (3.4) and
determines the frequencies of neutral oscillations on the stability boundary

that do not depend on the parameter of heat release T:

o y=/y (145) £V, (14D) b (1—p)

The values of a% and a% coincide with known expressions for the squares of dimen-
sionless phase velocities of fast and slow magnetoacoustic oscillations in a
medium with infinite electrical conductivity [Ref. 5]. The dependences of these
parameters on b are shown in Fig. 1 for p=% (curves 1 and 2 respectively) .

—_ 2
al / W’f' m 2 !

N

/
g
. Y/j
g 7 72 7 2
Fig. 1 Fig. 2

From (3.1) we get the expression for the stability boundary

TRew=(a*~1)/(ci~b)
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Substituting here the values found above for a%,z, we get the stability bounda-
ries relative to fast and slow magnetoacoustic oscillations plotted on Fig. .

The repion of thermoacoustic stability is a region in which both types of oscil-
latlions are stable (shaded region in the figure). The stability boundary for
oscillantions that propagate across the magnetic field (u=1) is determined at
0<b <1 by the straight line I'Rep=b, and at b>1, by the hyperbola TRe,=1/b.

The asymptotic expressions for stability toundaries and frequencies of neutral
oscillations in cases of weak and strong magnetic fields for fast and slow mag-
netoucoustic oscillations have the respective forms

B, b+ ' b, b—+oo

I'Re,— {bu. b0 i {1+bp,, b0

I'Ren— { 1/bu’ b0 i b(i—“’)v b—vO (3.5)
},l/b, b—»oo’ 3 - 1_u'

b+

Let us note that the condition of thermoacoustic stability for fast magneto-
acoustic oscillations in the case of a weak magnetic field (b«l) coincides with
condition (2.2) obtained by the energy balance method, if 1,=1/k, is taken as
the characteristic acoustic wavelength in the direction across the magnetic field.

As implied by our examination of the stability region, an increase in the ampli-
tude of magnetoacoustic oscillations, even propagating across the magnetic field
and having maximum Joule dissipation, cannot be suppressed at any value of the
magnetic field if I'Rep> 1. On the basis of this condition, the range of wave
numbers on which the magnetic field has no effect on the stabilizing action is
written as

K< (1—A)e/csTvm

Comparison of stability conditions (3.2) and (3.5) shows that when a weak mag-
netie field is applied (b«l), the heat-releasing medium in the case where the
condition buvy >(y-1)k is met becomes more stable with respect to acoustic
oscillations, which is equivalent to expansion of the range of stable wavelengths
at a given level of heat release.

- Analysis of the way that the stability region depends on the parameter u that

’ characterizes the direction of propagation of oscillations relative to the mag-
netic field leads us to the obvious conclusion that as u decreases there is a
reduction in the stability region, i. e. from the standpoint of thermoacoustic
stability, oscillations with the lowest values of the parameter p are the most
dangerous.
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UDC 532.592
LONG-WAVE STABILITY OF JET FLOWS OF IDEAL FLUID

Moscow IZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No 5,
1979 pp 170-175 ’

[Article by K. I. Artamonov and Yu. S. Meleshkov, Moscow]

['lext] An examination is made of the "spatial" stability of jets for which the
velocity profiles are linearly dependent on one coordinate. It is shown how the
form of ihe velocity profile and the presence of solid walls influence the de-
velopment of perturbations in jets.

In experimental research that has been published on reduction of mixing of co-
axial jet flows it has been found that by organizing certain velocity profiles of
the jets in the inlet section, one can produce nearly laminar flow over a con-
siderable length [Ref. 1, 2]. Some experiments [Ref. 1-4] have revealed so-
called coherent structures: large-scale waves in the Jet mixing layer.

A linear stability theory can be taken as a basis for explaining some of the

results of these studies such as the development of e single unstable harmonic

on the initial section of the mixing layer with frequency corresponding to the

maximum increment of perturbations [Ref. 5], lack of a pronounced wave pattern

of the flow in s submerged jet as contrasted with an accompanying jet [Ref. 1, 2]
- nnd certain other facts.

In the sbove-mentioned experiments the profiles of mean velocity can be taken as
- consisting of several segments of linear change in velocity. It was shown in
Ret'. 6 that the eipenvalues of the problem of stability of Jets with a smooth
profile of velocity can be approximated by the eigenvalues of the problem with
profile made up of segments of linear velocity behavior. Moreover, we can ex-
pect that for large-scale perturbations the action of forces of viscosity is so
wenk that the theory of stability of an ideal fluid is valid.

1n all calculations of jet flows, perturbations increase with increasing distance
from the inlet device, and therefore we will consider here perturbations that in-
ercase lengthwise (spatial instability) rather than perturbations that increase
timewise ("temporal instability"), implying infinite length of the jets.

1. Consider a plane-parallel flow of incompressible ideal fluld. We will take
its velocity as directed along the coordinate_axis %, and dependent only on a
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single transverse coordinate y. The equations for perturbations of velocity and
pressure are well known, and take the form

du, U duy v Vo

— —_—t UV (PYuUy=— — —

dt w) [} " p Jr

0“1 0!1: ] DP Ou, 6u; 1 6p

2 Ut e e, — 4 U(y)— = ——— .
a1 () iz b oy ’ Y (y)(') o 92 (l 1)

AL the breakpoints of the mean velocity profile U(y) it is necessary to give the
conditicas for "matching" of solutions. One of these is equality of pressures on
both sides of the matching plane. Therefore it is convenient to take another
equation only for pressure instead of system (1.1). Eliminating perturbations

of velocity uj, up, ugz from (1.1), we get

’ 7] 2 Ap=2U"(y) r

p— — = ]
(01 +Uw az) p v dz d (1.2)
Another condition of matching on the boundary of two zones of smoothness of the
mean velocity U(y) is the kinematic condition

3 U )a '
ug= (—0-[+ (v az) o
where o(t, x, 2z) is the equation of the perturbed plane of the boundary of these

two zones. The final form of the conditions of matching of pressure perturba-
tions is

] a\? 1 apt -
(_+u+_—) om = e

at oz p 9y
] a\? 1 op~
_—+-U-——) P (1.3)
ot ax p
p+=p‘

If the average velocities to either side of the matching plane are equal (ut=u7),
then conditions (1.3) take the form

opt  9p~
_Ii__=._—-' pr=p~
dy dy

In virtue ol the linearity of problem (1.2), (1.3), its solution for two-
dimensional perturbations (the interconnection between two-dimensional and three-
dimensional perturbations will be pointed out below) can be written as

p= S A(m, y)exp(i(k:—mt))dw
° (1.1)

o= j () exp(i(kz—ot)) do

o
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where A, ¥ are the amplitudes of perturbations that depend on.the the mean ve-
locily profile, the conditions of matching of solutions and the perturbations
in the inlet device.

| £ the perturbutions are represented in form (1.4), then the solution ot problem
(1.2), (1.3) defines dispersion relation k =k(w) and A(w, y) by means of which
the quantities of (1.4) are calculated. It should be noted that in many sta-
bility problems the imaginary part of k(w)=r(w) -iq{w) reaches a maximum, and
consequently integrals (1.4) at large x have a simple asymptotic estimate [Ref. T]

a i
J A(w, y)exp(i(kz—wt))dw=A (wo, y)[—T——] zexplq(mn):t+i(r(um,)z'l-m.,l)]
: 21g" (wy) ]z
where wg is the frequency at which q(w) reaches a maximum.

1n other words, if q(w) is a function with a maximum (and this is just the case
that occurs in development of perturbations) in the mixing layer, then we can
expect that regardless of the spectrum of perturbations at the inlet to the fluid
flow, the downstream pressure perturbations will actually consist of a single
harmonic with frequency wp, and it is this wave that is to be observed in the
experiment. If q=0, the neutral perturbations will consist of frequencies that
correspond to stationary points (the stationary phase method [Ref. T1).

The umplitude of three-dimensional perturbations (proportional to exp{(i(kx+mz-
wt))A=p(m, w)a(m, w, y) with accuracy to a factor of u(m, w) that depends on
the perturbation spectrum at the inlet to the flow, is determined from the
equations:

_111 _ 20k ﬂz_ a0, (w=U*k)? _ dat  da~ R
dy? Uk-w dy (w=U-k)? dy dy (1.5)
ne=ktbm?

We see from the form of equations (1.5) that if we know the dispersion relation
for two-dimensional perturbations (m=0) k=f(w), we can easily determine the
dispersion relation for three-dimensional perturbations

k==cos yf (w/cos ¥)
where k=kcosy, m=k siny, and therefore henceforth we will consider only two-
dimensional perturbations.
- 2. In the case of a linear velocity profile U=ay +ug, equation (1.5) takes the
r'orm
d*a 2 da o—-Fkug

—— e — — k%a=0, b=

dy* y-bdy ko (2'1)

Bquation (2.1) has the simple solution

a=Cy exp (k(y—b)) [k (y=b) ~1])+Cs oxp(~k(y~b)) [k (y—b)+1] . (2.2)

Using solution (2.2), the conditions of matching and the boundary conditions (on
50lid walls 3p/dy =0, for unbounded flows p->0 as y+1»), we can calculate the
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dispersion relation k=k(w) in any problem of stability with velocity profile
U(y) that consists of segments of linear behavior. Considering that all branches
of the dispersion relation enter as complex-conjugate pairs, we will consider
only the unstable branches k(q<0) below.

5. Wlrul ol ull, let us consider the stability of a flow of ideal fluid with
tangential velocity discontinuity where the velocity in one of the flows varies
linearly (Fig. 1). This is the crudest model of flow of accompanying Jets with

- velocity profile specially organized by input devices. The model is inexact for
short-wave perturbations both because they are appreciably affected by forces of
viscosity, and because substituting a discontinuity for the smooth velocity pro-
file of the mixing layer introduces an error that increases with reduction in the
wavelength of perturbations. In the vicinity of a linear velocity profile

da k(y—b)

—_————f ————a
dy E(y=-b)+1 -
while in the constant-velocity region da/dy =ka, Re k> 0.

The dispersion relation in the given case takes the form

——— il

4 o a?

where the velocity of the lower flow is equal to up, and that of the upper flow
is equal to uj; tay.

/
. — ] L=

s 417 el U
1/ |

4 ? |

! v
0oV < n 2 g 18 2 52
Fig. 1 Fig. 2

for the dimensionless quantities

2)20 L 2¥u i ug?
' N =
a a

equation (3.1) is resolved relative to K

Q-

v

uy

K=0Q sin(0+mn/4) —cos Otli—.(‘Q cos (0-+m/4) +sin 0)2], cos0 = (gt (3.2)

In the case of an ordinary tangential velocity discontinuity (a=0) the flow is

unstable at all w, and for a predetermined frequency the imaginary part of the
wave number has the greatest value for a submerged jet (6=0, n/2).
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The dependence of the increment of perturbations on frequency is shown in Fig. 1,
where curves 1 and 2 correspond to 6=0, w/2, while curves 3 and L correspond to
the case where 6=0), 6=1/2-0;, 0<8;<n/k.

At low Q the flow is stable, and at high Q the dependence K(Q) is the same as

in the case of a tangential discontinuity. In the region of instability the
greatest value of |q is reached in the case of a submerged jet 6=0. The value
of the dimensicnless wave number k falls at a given frequency w with an increase
in the quantity v’uf +u§. It is interesting to note that for dimensional fre-
quency w the region of stability can be expanded by increasing the slope of the
velocity profile of the upper flow.

L. It is much closer to reality to model a mixing layer of two jets by a linear
velocity profile (an example that even Rayleigh had considered [Ref. 8]). The
dispersion relation for dimensionless quantities takes the form

o 5= gkh QeKab[(K-1)t-cxp(-200) ] (4.1)

Q= .
u+ah/2

utah/2 '

where u 1s the velocity of the slower flow, and h is the width of the mixing
layer.

'he problem is to invert relation (L.1). At 8«l,i. e. at a sufficiently high
velocity u,

K=QF[(Q-1)*-cxp(-2Q) ]":6+0(5?) (4.2)

Yhis implies that at a sufficiently high velocity of the slower flow, the dis-
persion relations for the temporal and spatial instabilities coincide. The maxi-
mum value of the imaginary part of K is reached at 2=0.8, and is equal to
ImKZ0.48. A wave with just such parameters should be observed in an experiment
at any inlet perturbation spectrum.

The spatial dispersion relation behaves quite differently as §+1, i. e.
in the case of a submerged jet. When §-+1 and Q-+1, the real part of K approaches
infinity, and the imaginary part approaches w/2. Fig. 2, 3 show the dependence

z
Tl /
/
7 -+
/ AN
/
/
//
a
1 82,
Fig. 3 Fig. b
of the wave number on frequency. The broken lines correspond to § =1, the dot-

dash Jines--to 6§ =0, and the solid lines--to some intermediate case 0<§<i. Q1.2
is tround from the equation (Q,~1)*-exp{-2Q.)=0.
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Apparently the fact that a pronounced wave structure of perturbations shows up
only at a fairly high velocity ratio of the jets can be attributed to the appre-
ciable difference in the dispersion relation for a submerged jet and for ac-
companying Jets. Actually, in order for the instability pattern to show up
clearly, it is necessary that the increment of perturbations at the distance of
about a wavelength should not be too large, as otherwise nonlinear interaction
will strongly distort the wave pattern of flow even close to the inlet. In the
mixing layer the wavelength of a maximally increasing perturbation approaches

- zero (ReK +»)with decreasing velocity ratio. This means that in the case of a
submerged jet it is necessary to account for factors that were disregarded in the
given model of stability of jet flows.

Most considerably distorted in a submerged jet is the wave structure of pertur-
bations under the influence of nonlinear interactions and forces of viscosity,
whose contribution increases with increasing ReK. In all cases the dimensional
increments of perturbations decrease with expansion of the mixing layer, i. e.
with increasing h.

5. Let us consider the stability of jet flows in channels. First let us examine
flow with the velocity profile shown in Fig. ba. This kind of flow arises in
cases where a considerable gas flow must pass along the periphery with a low
flowrate of the central jet, and from considerations of flow stability the
velocity jump between jets must be eliminated. The velocity profiles of the
peripheral and central jets are given respectively in the form u+u1(Y—h1) and
u-ay(y-hy), where hy, hy are the widths of the jets. The dispersion relations
for symmetric and antisymmetric modes respectively take the form

a+a;  thkhythkhs

k ﬂlkh,+ﬂ|kh;)
a,+az  thkhythkh,

E 1+thkhyth kh-_-)

w=k (u +

w=k (u+

Consequently, flows of such a type are absolutely stable. In real flows a
boundary layer is formed on the walls of the channel, which requires consider-
ation of a more complicated model of the mean velocity profile (see Fig. Ib).

A complete study of flow stability at the walls is apparently impossible without
consideration of the influence of the forces of viscosity, and therefore further
results make sense only for long-wave perturbations. The dispersion relation in
virtue of its awkardness will not be written out. Detailed calculations give
the following result. Flow stability for perturbations of all wavelengths is
possible only for a limited slope of the velocity profile in the wall region

or when this region is sufficiently thin. If the velocities in all Jjets beginning
with the wall region are given in the form u+as(hp -h3) -a1{y-hp -h3),
u+-u2(y-—h3), u, where h;, hp, h3 are the widths of the corresponding jets, then
the stability criterion takes the form

Iy h ka 1
<
( I;:+h,) haths (u,/a:+l)"'+h,I(h1+h,1)

This eriterion can be satisfied in the case of a boundary layer only with special
organization of the flow on the wall.

in conclusion the authors thank A. A, Pavel'yev for furnishing experimental ma-
terials and for constructive discussion of the results of the work.
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UDC 532.517.4
INFLUENCE OF INITIAL CONDITIONS ON FLOW OF AXISYMMETRIC ACCOMPANYING JETS

- Moscow 1ZVESTIYA AKADEMII NAUK SSSR: MEKHANIKA ZHIDKOSTI I GAZA in Russian No L,
1980 pp 18-2L

[Article by O. I. Navoznov and A. A. Favel'yev, Moscow ]

[Text] An experimental study was done on flow on the initial section of axi-
symmetric Jets of helium, air and Freon-12 in an accompanying flow of air for

two different kinds of velocity profile at the nozzle tip close to the boundary
oo the jet. In one case the velocity profile on the nozzle tip was determined by
boundary layers on the walls of the nozzle, and in the other case the velocity
profile was set up artificially by a honeycomb made up of tubes of variable
length. In the work measurements were made of the profiles of average and pul-
sation velocity, temperature, and the flow was also photographed. The studies
showed that depending on initial conditions the intensity of mixing of Jjets on
the initial section at Reynolds numbers defined with respect to the Jet diameter
Re>10% may change from the level determined by molecular diffusion to the level
typical of developed turbulent flow. The structure of the flow in the annular
mixing layer also depends strongly on jpitial conditions. Observed ordered
structures in the mixing layer are attributed to a section of development of
perturbations close to the nozzle. The ordered structures are strongly influenced
by the action of acoustic oscillations from an external source on the jJet. In
honeycomb formation of the initial profile the transition to developed turbulence
may be determined both by the development of long-wave pertubrations and by the
development of small-scale turbulence that arises with flow around the end face
of the honeycomb.

1. At present there has not been enough experimental study of the influence of
initisl flow conditions -- initial distributions of average and pulsation ve-
locities and scale of perturbations -- on the flow of accompanying jets, although
there are some papers where initial mean velocity profile has been controlled [Ref.
1-5]. Close to the nozzle on the section of transition to developed turbulence
the flow is characterized by an increase in initial perturbations. Depending on
initial conditions, perturbations may develop in the flow with a scale both
larger and smaller than the transverse dimension of the zone with velocity shear.
The mutual influence of perturbations of different scales is of great interest.

According to linear stability theory the eritical Reynolds nunbers for jet flows
are smull or zero (for the mixing layer). Therefore at a low level of initial
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perturbations, long-wave perturbations develop in the flow that leadto developed
turbulence. However, ordered structures that are typical of the transition sec-
tion may be retained even after itransition to turbulence. By varying the initial
conditions it is possible to determine to what extent the ordered structures in
turbulent mixing layers are due to long-wave perturbations on the transition
section.

An important result of the linear theory is the conclusion that at large Reynolds
- numbers the length on which the initial perturbations are intensified a pre-

determined number of times is proportional to the transverse size of the zone with

velocity shear. 1In this connection it has been suggested that an increase in

the transverse dimension of the zone with a smooth change of velocity on the

boundary of flows with different velocities should lead to an increase in the

length of the section of transition tco turbulence. Since mixing intensity on the
_ transition section is considerably lower than with developed turbulent flow, an

increase in the length of the transition section leads to a reduction in inter-

mixing of flows of different velocities at a given distance from the beginning

of the flow.

I'low was experimentally studied on the initial section of accompanying axi-
symmetric jets of different velocity with two different forms of velocity pro-
files close to the boundary of the Jets in the initial cross section. In the
first case, the transverse dimension of the zone with nonmonotonic velocity be-
havior close to the boundary of the jets was determined by the thickness of the
boundary layers on the nozzle wall separating the accompanying jets, and by the
thickness of the edge of the nozzle. In the second case the velocity of the
flow close to the boundary of the jets varied smoothly in a layer of finite
thickness set up by a honeycomb. Far from this boundary the velocities in the
Jet and in the accompanying flow in both cases were constant.

Air, helium and Freon-12 were used as working fluids in the central jet. Air was
used in the accompanying flow in all experiments. The working sections had iden-
tical systems for supply of the accompanying air, including a damping chamber
with fine-mesh screens and a convergent channel, and differed in the construction
of the feeder elements forming the initial velocity profile. The working sec-
tions were set up vertically with flow from the top down. The profiles of longi-
tudinal average and pulsation velocities were measured by a DISA 55M hot-wire
anemometer with 55E30 sensor, and the temperature profiles were measured by a
Chromel-Copel thermocouple. The flow was photographed by the schlieren method

at an exposure of 107" s.

2. This section describes the results of experiments in which the velocity profile
on the nozzle tip close to the jet boundary was determined by boundary layers.

These experiments utilized the feed unit depicted in Fig. la, but instead of the
honeycomb, two fine screens were installed in the central nozzle. The dimensions
on the diagram are given in millimeters. The gas was supplied to the central
nozzle by two pylons 1 of streumlined shape. The initial velocity profiles in
the jet and in the accompanying flow were equalized by fine screens 2 with mesh
size of 0.1 mm. To reduce the boundary layers on the inside and outside walls of
the central nozzle, the last screens in the flow were placed as close as possible
to the nozzle tip (24 mm from the tip). The edge of the nozzle was 0.2 mm thick.
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In some experiments, a ring of wire 1 mm in diameter was placed in the accompany-
ing flow on the outside wall of thenozzle at a distance of 11 mm from the tip
to turbulize the boundary layer.
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Fig. «2a shows mean velocity profiles measured at a distance of 2 mm from the
nozzle tip in the presence of turbulizing ring 2, and without it 1 at a velocity
on the axis u; =30 m/s. Velocity profiles at other velocities are close to those
shown in Fig. 2a. The intensities of longitudinal pulsations of velocity on the
nozzle tip in the center of the jet ard in the accompanying flow did not exceed
1 and 0.8% respectively.

Accompanying jets of different densities were photographed to observe the flow
structure under the above-described conditions. Fig. 3 [photos not reproduced]
shows photographs of a helium jet in en accompanying flow of air at a velocity in
the center of the jet of 12 m/s and at a velocity ratio of m=up/uy, where up is
the velocity of the accompanying flow equal to 0.25 (Fig. 3a, ¢) and 0.5 (Fig.
3p, d) with a turbulizing ring (Fig. 3¢, d) and without it (Fig. 3a, b). Fig.

3e shows a photograph of a jet of Freon-12 in an accompanying flow of air without
a turbulizing ring at a jet velocity uy =2 m/s and at m=0.5. As can be seen
from these photographs, flow in a jet without a turbulizing ring is characterized
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by the presence of ordered structures. These structures are most clearly visible
close to the nozzle, beginning at the very tip. This suggests that the origin
of the ordered structures involves loss of stability. An increase in velocity
lesds to the appearance of small-scale turbulence, and against this background,
developing structures can be seen as before. With increasing distance from the
noxzle, Lhese structures show up more clearly, the length on which the struc-
tures can be seen increasing with an increase in the ratio of the velocity of

the accompanying flow to the velocity of the Jet.

With the installation of a turbulizing ring, the flow pattern is strongly altered.
Now the ordered structures can be distinguished only at a distance of less than
two diameters from the nozzle tip, and at greater distances they are not apparent.
A comparison of photographs of helium jets with and without a turbulizing ring
shows that expension of the jets changes insignificantly in this case. Thus the
twbulizing ring alters the inner structure of the flow not only near the nozzle,
but farther awey, although this does not lead to any considerable change in the
expansion of the jets. This indicates that the ordered structures seen on the

= photographs are a further development of perturbations observed on the section of
transition to turbulence.

This is also confirmed by the fact that action of acoustic oscillations from an
external source on the jet leads to a change in flow structure in the annular
mixing layer, thix change depending on the frequency of the sound. Fig 3 also
shows photographs of a helium jet (u; =12 m/s) in an accompanying flow of air
(m=0.5) when acoustic vibrations of different frequencies act on the jet (b--

0 Hz, f--500 Hz, g--2000 Hz) with the same amplitude produced by a dynamic loud-
speaker set up to the side of the jet. The action of the sound leads to a change
in the scale of the ordered structures and the rate of expansion of the jet.

Both a reduction and an increase in the rate of expansion of the jet were observed
depending on the frequency of the sournd. Non-axisymmetric nature of the ordered
structures can be seen in Fig. 3f. This is due to the non-axisymmetric nature of
the perturbations that arise upon interaction of an acoustic wave with the edge
of the nozzle. In general the action of acoustic oscillations on flow in a sub-
sonic jet involves changes in the level and frequency of velocity pulsations that
arise when acoustic oscillations interact with input devices, in the given case
with the edge of the jet. The role of acoustic oscillatiosn thus reduces only to
o change of initial conditions that determine the structure of the flow on the
entire length of the initial section of the jet.

A change in flow structure on the initial section that is due as noted above to

a change of initial conditions also has an effect on the distribution of average
parameters in the jet, in particular the temperature. A characteristic feature of
the temperature profile measured in an air jet without a turbulizing ring is the
presence of three points of inflection. With installation of the ring, the tem-
perature profile has a single point of inflection. The presence of three points
of inflection in the temperature profile and a change in the shape of the profile
with installation of the turbulizing ring are due to ordered structures in the
annular mixing layer. The same temperature profiles with three points of inflec-
tion are also observed in a Freon jet with accompanying flow of air.

3. This section describes the results of experiments in which the initial velocity
profile near the boundary of the jet is set up by a honeyconb.
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The feed units shown in Fig. la and b were used in these experiments. In the
feed unit shown in Fig. la, the Jet and accompanying flow were fed separately,
engbling investigation of the flows of ditferent density. In the feed unit shown
in Fig. 1b, only a uniform gas flow could be set up. In both units the honey-
combs were assembled from pipes of different lengths with outside diameter of

1 mm and wall thickness of 0.05 mm. The reason for meking the feed unit shown

in Fig. 1b was that when the velocity was increased close to the wall in the unit
of la, velocity pulsations arose with intensity depending on the nonuniformity
of packing of the pipes of the honeycomb close to the nozzle wall, Fig. 2b shows
the average velocity profile measured at a distance of 40 mm from the nozzle

tip in the unit shown in Fig. la. Profile shape is practically independent of
the velocity.

Fig. ba, b, c show photographs of a helium jet in an accompanying flow of air

- on a unit (Fig. la) at velocities of the helium jet u; -equel to 10, 12, and 18
m/s respectively, and at a ratio m of the velocity of the accompanying flow to
the velocity in the center of the jet equal to 0.2, Since only a section of the
jet with length of about 150 mm was accommodated on-a frame, the photographs of
Fig. 4 are made up of individual frames taken at different distances from the
nozzle tip with one flow mode, but at different times, At the velocities indi-
cated above the intensity of pulsations on the end face of the honeycomb did not
exceed 1%.

The nature of flow in this case is sharply different from that observed in ac-
companying jets with boundary layers on the boundary of the jets (see Fig. 3).
Molecular mixing is observed here on & considerable length. The length of this
section depends on the jet velocity uj, and decreases with increasing velocity.
With an increase in velocity on the boundary of the jJet, perturbations appear
that are due to the nonmonotonic nature of the profile of velocity close to the
nozzle wall.

The development of perturbations on the transition section was studied behind

the feed unit shown in Fig. 1b. Fig. 2c shows mean velocity profiles at velocity
u; on the axis of the jet 1--10 m/s and 2-- 20 m/s measured at a distance of

80 mm from the face of the honeycomb. The mean velocity profiles at these ve-
locities differ noticeably from each other. The ratio of the velocity outside of
the jet to the velocity on the axis of the jet increases from 0.25 at u; =10 m/s
to 0.35 at u; =20 m/s. In either case the mean velocity profile changes insig-
ficantly on the length of the profile.

0f preatest interest is the difference in lengthwise change of the profiles of
longitudinal velocity pulsations. At a velocity of 10 m/s on the axis of the jet,
pulsations increase both in the zone with velocity gradient, where they have a
maximum, and in the core of the jet. At a velocity of 20 m/s on the axis of the
jet, pulsations increase only in the zone with velocity gradient. Fig. 5 shows
longitudinal velocity pulsations on the axis of the jet (broken lines) and at
the point of their maximum (solid lines) as a function of distance from the end
face of the honeycomb at velocities uy equal to 10 and 20 m/s (curves 1 and 2
respectively). The different behavior of pulsation intensity with respect to
length is due to the fact that at a velocity of 10 m/s on the axis of the Jet
the intensity of pulsations behind the face of the honeycomb is low, and long-
wave perturbations develop in the flow with scale that is commensurate with the
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size of the zone with velocity gradient, while at a velocity on the axis of the
Jet of 20 m/s the flow behind the end face of the honeycomb is turbulent, and
small-scale turbulences develop in the flow, the initial scale of which is of

_ the order of the size of a cell of the honeyconmb. These results show the possi-

- bility of a transition to developed turbulence both with development of long-
wave perturbations and with development of small-scale turbulence. The intensity
of mixing on the transition section in either case is less than with developed
turbulence.

Thus the results of this paper show that under different initial conditions on
the initial section of accompanying axisymmetric jets flows may be realized that
differ with respect to mixing intensity and structure. Let us note that a change
of flow structure in the mixing layer produced by placing a turbulizing ring on
the nozzle was accompanied by both an increase and a reduction in the width of
the mixing layer at différent velocities and distances from the nozzle tip. The
change in width of the mixing layer reached 20%.

The ordered structures observed in this research are determined by the section of
development of perturbations close to the nozzle since the flow structure far from
Lhe nozzle. changes with a change in the flow mode on this section. It is
possible that the ordered structures cbserved in Ref. 5 have the same origin.

These ordered structures, which are associated with waves of instability whose
characteristics are determined by the velocity profile on the nozzle tip can
interact with waves of instability whose characteristics are determined by the
velocity profile on the initial section of the jet. Upon acoustic excitation of
waves of the first type, interaction may lead to attenuation of waves of insta-
bility of the second type and to some reduction of intensity of velocity pulsa-
tions on the axis of the jet. This reduction was not observed if flow at the
wall of the nozzle was turbulent and waves of instability of the first type did
not, develop.

0f particular interest is the possibility of reducing intermixing of accompanying
flows of different velocity by setting up a velocity profile in the initial section
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with a smooth change of velocity in a layer of finite thickness. A method of this
kind can also be used for reducing friction in boundary leyers at the wall, where
according to linear stability theory an increase in the Reynolds number con-
structed with respect to the thickness of the boundary layer leads to a reduction
in the range of wavelengths and incremental growth of perturbations. Therefore
the artificial creation of a flow near the wall where velocity monotonically in-
creases from zero at the wall to the velocity of the external flow in a layer
of finite thickness, while the scale of the perturbations is much less than this
a thickness, may lead to an increase in the length over which the development of
long-wave perturbations that are unstable according to linear theory will be
less than in the case of flow with constant velocity in the initial section.

The small-scale perturbations that develop in flows of the type described above
mey lead to developed turbulence without an jncrease in long-wave perturbations
as well. These small-scale perturbations may interact with long-wave pertur-
bations, playing the part of additional viscosity. Stabilization or destabiliza-
tion may be reached either due to the magnitude of the additional viscosity or
due to its gradients. Interaction of this kind could explain the absence of an